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ABSTRACT

A number of pentafluorophenyl compounds have been pre-
pared and by measurement of their 19F nmr spectra, information
has been gained concerning m-electronic interactions in these
molecules. Methods of forming CGFSSi(CH3)2X [Where X = H,
CHy, CgFg, OCHy, N(CH,), or N(H)CgHg] and RyMYC.F. [where
R = CH3 or C6H5' M= S8i, Ge, Sn or Pb and Y = 0, S or NH]
are described and some interpretations of the spectroscopic
results are p:roposed.

Derivatives of C6F5Mn(CO)5 have been prepared by
replacement of one carbonyl group with the ligands P(C6H5)3,
As(C6H5)3, Sb(C6H5)3, P(OC6H5)3, C5H5N and replacement of
two carbonyl groups with P(n-C4H9)3, P(OC2H5)3,'(C6H5)2-
PCHZCHZP(CGHS)Z and CH3SCH2CHZSCH3. Carbonyl stretching
frequencies and 19F nmr parameters are discussed in terms
of changes in electron density in the molecules.

Oxidative addition reactions have been carried on on
CpRh(CO)2 (Cp = ﬂCSHS) and related compounds. Triphenyl
and tribenzylsilanes react with CpRh(CO)2 to yield
CpCORh(H)SiR3 whereas only a bis-silyl derivative, CpCORh-
(SiCl3)2, is isolated from the reaction with trichloro-
silane. Compounds of the type CpCOXRhMX3 (M = Ge, Sn; X = Cl,
Br or I) have been formed by treatment of CpRh(CO)2 with
the halides of Ge(IV) and Sn(IV) while Sn(II) chloride
and bromide afford oligomeric and polymeric species.

Reactions of CpRhP(CH3)2C6H5(CO), CpIrP(C6H5)3(CO),
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and CpRhP(C (C2H4) with halogens and alkyl halides have

6''s) 3
been studied. Halogens gave dihalides with elimination of
carbon monoxide or ethylene, often with evidence for an
ionic intermediate, e.g. [CpIrP(CgH,),(CO)X]1'X™. It appears
that ionic compounds were siﬁilarly formed from alkyl hal-
ides (RX). Such derivatives have been isolated for iridium,
i.e. [CpIrP(C6H5)3(CO)R]+X—, but the more stable products

for the rhodium compounds mentioned above were CpRhP(CH3)2-

C6H5(COR)X and CpRhP(C6H5)3RX respectively.
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CHAPTER I

INTRODUCTTION

The Participation of "d" Orbitals in the m-Bonding of

" Organometallic Compounds

| Early in the development of Organometallic'chemistry'
it became clear that many observations in this field could
be rationalised by m-bonds ‘involving d orbitals. - Featurés
such as molecular geometry and the stébility and‘reactivity'
of these compounds have been explained using this concept.

The Si-Cl bonds in SiCl4 weré found to be anomalously
short compared Eo the value derived from sums of covalent
radii and in 1934 this was attributed to m-bonding (1).
Shortly after, fhe multiple bOnd character of the metal-car-
bonyl linkage in tetracarbonylnickel was indicated by
measurement of the Ni-C distances (2). In fact the first
proposal of such bonding in tetracarbonylnickel was made by
Langmuir (3) in 1921, on the basis of the electroneutrality
principle, but at that time there was little support for
the new idea. A milestone was reached in the preparation
of ferrocene (4,5) in 1951 and w-bonding was invoked to
explain the great stability of this interesting compound
(6) .
Such examples of multiple bonding are usefully

classified according to the nature of the m-orbitals which
are involved with metal d'orbitals; and by the manner in

which this involvement takes place (7). It must be recognised



that the d orbitals mentioned in the following discussions
are likely to be hybrids having some p and s character.
The general value of the resulting ideas is, however, re-
duced little by this simplification.

Orbitals of d type may accept electrons from a p
orbital on an adjacent atom, (p+d)m, or electron density
may be removed from a d orbital to a p orbital, (d»p)w. A
third type is obviously (d+d)m interaction. These classes
are discussed below.

(p*d) 7 Bonding - As already mentioned the bond short-

ening in SiCl4 (1) was justified on the basis of a 7 bond,
specifically by donation of 3p electrons from chlorine to
the empty 3d orbitals of silicon. Although most chemists
now believe this to be acceptable (8), alternative explana-
tions were put forward to avoid the m-bonding propbsal.

The classic example of (p-+d)rm bonding was found in
the compound trisilylamine, (H3Si)3N, which was shown to
be planar (9). The planarity was attributed to extensive
delocalisation of the nitrogen lone pair into the silicon
3d orbitals. The very weakly basic character of the nitro-
gen in this molecule had already been noted (10). Similarly
(H3Si)3P has been found to be planar (11) although analogous
germyl s.ystems have a pyramidal skeleton (12). It should be
realised, however, that planarity is not an essential re-
quirement for m-bonding (13) with the result that (p>d)m

interactions are not necessarily negligible in (H3Ge)3P.
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The Siasi angle ‘in (H3Si)20 is consistent with some -
-7 bonding and is accepted as 141° (14) although early work
indicated that it approached 18Q°. The corresponding -
angle in (H;Ge),0 is 125.6° and in (HGe),S it is 99.1°
(15), thus making m-bonding likely in the former and not
in the latter compound. Since angles cannot reliably be
taken as measures of m-bonding, stronger e&idence for

this proposal is derived from the bond-shortening observed
for the Ge-O and not for Ge—s (15). From studies of
trends in basicity, similar ﬂ-bondihg has been proposed in
many compounds containing the bonds Si-0, Si-S and Ge-0
(16,17), although not unequivocaliy in the latter case.

Some removal of m electrons from a directly bondéd
aromatic system into silicon d orbitals has also been
suggested (18) and indeed there is evidence for a similar
interaction of silicon with aliphatic carbon (18).

An nmr study using molecules enriched with 15N gave
results from which the absence of (Si-N)m-bonding was
proposed (19). It was later realised (20) that the results
suggested only that the nitrogen was sp3 hybridised and
this does not eliminate the possibility of m-bonding (13).
Confusion has also arisen in the m-bonding of halogens to
silicon, not in the general acceptance of such bonding
but in the order of strength with the different halogens
(21,22). It would be very surprising if the strongest m-

bond were to iodine (21), since there is no evidence of
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of m-bonding from silicon to the heavier members of Group

V and Group VI, antimony and tellurium.

(d»p) m Bonding - Easily available filled or partly

filled 4 orbitals are found in transition metals and thus
it becomes possible that (d+p)w bonding would oécur in
which electron density is lost from the metal to suitable
éﬂ orﬁitals of a ligand. Such bonaing is donsideréd to |
be present between transition metals and ligands such as
o, NO', CN, CNR (23) and N, (24).

The bonding in the carbonyls is probabiy the most suit-
able representative example since these derivatives are
the most studied and the best understood (23)}. The overlap

of a filled carbon ¢ orbital with an empty ¢ orbital (I)

is augmented by the m overlap of a filled d orbital with

an empty antibonding p orbital (II)

IT




Since theAdrift of electrdns by one mechanism enhénces

the drift in the opposite direction, by the second mechan-
ism, the bonding process is‘tefmed synergic. The result
is a very léw dipole moment for the M-C bond, suggesting
a close approach to electroﬁeﬁtrality. .Measurementé of
bond lengths and vibrational.spectra are consistent with
the multiple nature of the M-CO bonds; Especially
important are the CO stretching frequencies since changes
in these frequenéies are'g:eatly dependenf on the amount
of electron density given to the 7m* orbitals (25). Such'
donation reflects the readiness of the other metal iigands
to compete for.d electrons and thus proVides a qualitative
method to observe the ﬁ—bondiné ability of these addi-
tional ligands.

Other ligands which bond in similar fashion to carbon
monoxide, vary in their o-dohor and m-withdrawal abilities.
Thus isocyanides, although isoelectronic with co, form
better ¢ bonds and weaker m bonds (26) and in the compound
(CO)5Mo(CNR) the;e is evidence suggesting that‘almost all
back bonding is to the five carbonyls (26)..

Multiple bondiné in metal perfluoroalkyls has also been
proposed and strongest evidence comes from M-C bond
shortening (27). This is attributed to dw>g* bonding,
despite the relatively high energy of ¢* orbitals.

Considerations similar ﬁo those in the bondiné of

carbonyls also apply to the olefin complexes of transition
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metals (28). 1In the case of the olefins their 7 electrons

are themselves involved in the primary ¢ bond (IIIL). Back

IIX

bonding then takes place from the metal d to the ligand m*
orbital. This is called a p bond to emphasise the differ-
ence between it and the bonding of a carbonyl group; for
example.

Similar ideas may be applied to metal complexes of
polyenes and acetylenes. The bonding of T-cyclopentadienyl
and m-benzene complexes involves related processes but is
best described by a molecular orbital treatment (29,30).

In such a treatment m orbitals are very important and in
ferrocene are considered to be the chief source of bonding

(30).

(d»d) 7 Bonding - Donation through a 7 system of pen-
ultimate metal d electrons to an ultimate d shell of a
ligand has frequently been suggested (7); prime examples
are trivalent phosphorus or arsenic or divalent sulfur
complexes with transition metals. Chatt and coworkers (31;
32,33) have made an extensive study of such bonding in

square planar derivatives of platinum. Thus in a trialkyl-



phosphine platinum compound there is a ¢ bond between the
phosphorus 353p3 and platinum 5d656p2 orbitals and 7 with-
drawal of electron density from the platinum 5d6p to the

empty phosphorus 3d. orbitals (IV). Similar, although weaker,

Iv

"7 withdrawal is thought to occur with ligands complexed
through Sb(III), Se(1I), Te(II); Cl, Br or I.

In squafe plahar complexes, and to a lesser extent
in octahedral, some groups have the ability to direct
substitution into the pdsition trans to themselves and to
affect markeédly the rate of reaction (34,35). This is the
so-called trans effect. An explanation of this effect
uses the concept of m-bonding to increase the electron
affinity of the metal (32) and to stabilise the intermedi-
ate (36). Thus observations of such reactions have led
to a scaling of the relative m-bonding abilities of
groups. An approximate ordering (35) gives, CO,CN ,

C,H, > PR, > SC(NH,), > NOZ_, I, SCN_ > Br, C1™ > NH,,

H20 .

Ordering by m-bonding ability has also been deduced

by a study of the change in C-0 stretching frequencies in



ligand-substituted metal carbonyls (37). This has led
to the following series (38), NO > CO > PFj > SbCl3 > AsCl3>

PCl, > P(OPh)3 > CH,C H4NC > P(OMe)3 > PPh3 > SEt2 > PMe3.

3 376
Such ordering does however overlook the undoubted differ-
ence in o bonding properties of ligands (39);

More recent work suggests that one-electron ligands
bonded through Si, Ge or Sn are also capable of accepting
m-electron density from a transition metal into their
empty d orbitals (39). The group SnCl3 has a trans effect,
and presumably a m-bonding ability, close to CN~ (40). On
replacement of chlorine by aryl or alkyl groups the change
in m-bonding remains unclear (39,41).

Structural investigations on silyl-transition metal
compounds have revealed silicon-metal bond shortening
(42,43) which was rationalised by (d+d)m bonding. Such
bonding may also be responsible for the observation of
conformational effects (44) in the infrared spectra of
similar silicon compounds. Silicon is also thought to
be able to fprm (d+d) 7 bonds to adjacent silicon atoms
(45), thus explaining the high stability of [(CH3)3Si]3Si—.
In such compounds, however, (p+d)m bonding is likely and
difference between the two possibilities cannot be
observed.

Transition metals are also capable of w-bonding with
themselves (46). The extreme example at the present time
2 -

is Re.Cl

2Clg (47,48,49) which has an Re-Re bond order of four



one bond of ¢ symmetry, two of m character (degenerate)

and the fourth of 4§ character.
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CHAPTER II

PREPARATION AND PROPERTIES OF SOME PENTAFLUOROPHENYL

GROUP IV COMPOUNDS

Recent work at this laboratory (50,51,52,53) has
shown a linear relationship between a coupling constant
and a chemical shift whiéh may be obtained from the 19g
nmr spectra of pentafluorophenyl derivatives. Further
it has been found that, for a given compound, an
indication of m-electronic interactions with the perfluoro-
aromatic system may be gained from the appropriate nmr
parameters.

Oof conéiderable current interest is the m~bonding |
of systems containing Group IV elements, partiéularly
the case of the silicon-nitrogen bond as noted in Chapter
I. It therefore seemed pertinent to prepare a series of
sﬁitable compounds for use in a study in&olving this new
method. 1In this chapter are reported the methods of
preparation and selected properties of the compounds
C6F55i(CH3)2X (where X = H, CH3 C6F5, OCH3, N(CH3)2 or
N(H)C6H5) and the compounds R3MYC6H5 (R = CH3 or CGHS’

M = Si, Ge, Snor Pb and Y = O, S or NH). A few of these
compounds have been prepared previously by other workers
19

although no detailed analyses of the F nmr spectra

have been given.
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RESULTS AND DISCUSSION

Mahy methods of preparation for the compound types
reported here -are known. The most general and conveni-
eht is the addition of the'organometallic‘halide to the
lithium salt. This salt can almost invariably be
prepared from butyllithium and the parent acid. The
formation of the lithium salt is most commonly achieved
at low temperaturé, for in the case of a relatively
strong acid, such as methanol, the reaction takes place
very vigorously at room temperature. Moreover, in the
case of the pentafluorophenyl and pentafluoroanilino

compounds, the lithium derivative is unstable at room

temperature.

. =70° .
e.d. C6F5NH2 + n-¢4H9L1 —_ C6F5N(H)Ll + C4H10 [IT.1]

CGFSN(H)Li + ClSn(CH3)j—> CGFSN(H)Sn(CH3)3 + LiCl
[I1.2]

A reaction which does not fit this pattern precisely
is the reaction of pentafluorophenyllithium with dimethyl-
dichlorosilane in 1:1 molar ratio. The expected penta-‘
fluorophenyl chloro derivative could not be found but
bis (pentafluorophenyl)dimethylsilane was isolated in good
yield. This is particularly interesting since a previous
attempt to form the disubstituted compound from the
pentafluorophenyl Grignard reagent and dichlorodimethyl-

silane in 2:1 ratio had yielded only polymeric products

(54) .



12,

In the cases of the alkali metal salts which are
stable at room temperature, the formation and use of
the sodium salts is as convenient as the lithium salts.
Their preparation may be achieved using sodium hydride

(55) or sodium ethoxide, e.g.,

H.OH— NaOC_F. + H [II.3]

65 6”5 2
F OSn(CGH

NaH + C

+ NaCl [II.4]

_).C

NaOC_F

655 + ClSn(C6H

5) 37 CgFs 53

Phenoxides may also be prepared from the phenol and
organometallic halide by removal of the halogen acid
either through boiling or through use of an amine as acid
acceptor. Both of the latter methods are reported to
give better yields for phenols than for alcohols (56).
The latter method has in fact been used by Davidson et
al. (57) to prepare (C6H5)3GeSC6F5. These workers also
prepared the analogous lead compound very efficiently
from Pb'*(SC(F,), and (C¢H) ,PbCl,

Of the compounds reported here only two appeared to
be unstable over a period of six months. Pentafluoro-
anilinotrimethyltin became black due to some decompo-
sition, and the corresponding phenoxy-derivative deposited
white crystals which are almost certainly polymeric, as

shown by their virtual insolubility in common solvents.

Infrared Spectra, Although the spectra were not measured

with the degree of accuracy necessary to attempt very

precise assignments, they nonetheless proved to be
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extremely useful. This was true not only with regard to
confirming the structure of the products, but also in
showing the absence of starting materials and impurities.
The principal peaks of the pure products are shown in
Table I. .

All compounds exhibit the C-H stretches of methyl
and/or phenyl groups which, as expected, occupy the
regions 3030-2875.cm'_l and 3070-2980 cm—l.respectively.
The only bands which were observed above these regions
are N~H stretches of the anilino derivatives. The Si-H
stretch in (CH3)ZSi(H)C6F5 occurs at 2165 cm-l, whereas
2180 cm—l is considered an average value for such a
vibration (58).

Typical aromatic stretches are ébserved in the
region 1670-1400 cm™! but often cannot be immediately
assigned to either phenyl or pentafluorophenyl rings.
One band characteristically appears in the region 1665-
1640 cm 1 (59) for those compounds which have a C.F.
group directly attached to silicon. This band must
therefore be due to a vibration of the pentafluorophenyl
ring perturbed by the central atom. The absorptions
between 1460 and 1400 cm ' are observed only in the
triphenyl derivatives and are thus assigned to
vibrations of the unfluorinated aromatic systems.

This is further supported as the Si-CGH5 moiety

characteristically produces a band at approximately
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TABLE I
Infrared Spectral Data a
Compound
CGFSSi(CH3)3  2950m, 2895w, 1645, 1505s, 1465vs,
1375s, 1284s, .12525, 1082vs, 967s, 855vs,
635s.
CGFSSi(CH3)2H 2965m, 2890m, 2165s, 16405; 1510s, 1465vs,
1375s, 1283s, 1249s, 1080vs, 964s, 889vs,
845s, 657m, 630m, 495m
CeF5Si (CHy) ,CfFs 2955m, 2895w, 1640s, 1465vs, 1380s, 1290s,
1261s, 1091vs, 968s, 860s, 560m.
C4F5Si(CH,) ,Br 2945m 2890w, 1640s, 1510s, 1465vs,1375s,
1290s, 1259s, 1090vs, 97lvs, 863s, 68ls,
516s, 489m,
CGFSSi(CH3)20CH3 2950m, 2895w, 2830m, 1640s, 1555s, 1460vs,
1375s, 1285s, 1256s, 1188m, 1091vs, 968s,
852vs, 647s.
CGFSSi(CH3)2N(CH3)2 2960m, 2890m, 2840m, 2790m, 1640s, 1510s,
l460vs, 1370m, 128ls, 1254s, 1172nm,
108lvs, 992s, 965s, 837s, 619m.
CGFSSi(CH3)2N(H)C6H5 3400m, 3040m, 2950m, 1640s, 1495s, 1l465vs
1380s, 1286s, 1250s, 1172m, 1083vs, 967s,
908m, 853s, 689s, 499s.
CGFSOSi(CH3)3 2955m, 2890vw, 1520vs,1470m, 1320m,
1260s, 1172s, 1028vs, 991s, 852vs,

756m.
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OSn(C6H5)3

OPb(C6H5)3

SGe(CH3)3

SSn(CH3)3

SPb(CH3)3

3

3)3
OPb(CH3)3

osi(c6H5)3

OGe(C6H5)3

SSJ.(CH3)3

2990m,
1248m,
674m,
2995m,
1019vs,
3030w,
1012vs,
3070m,
1490s,
996s,
3070m,
1430s,
740vs,
3060&,
1310m,
694s,
3040m,
1304m,
2930m,
1017m,
2960m,
1092s,
2975w,

977s,

2920w,
1166s,
625s.
1515vs,
993s,
2920w,
987s,
3050m,
1435s,
700s,
3050m,
1311m,
695s,
3045m,
1167s,
441s.
3025m,
1l61s,

2875w,

977s,

2900m,

980s,

2905m,

861s,

3000vw, 2920w,

974s,

860s.

1515vs,

1034vs,

1490s,
780s,

1505vs,
672m.

2995w, |

1175m,
518s.
2995m,
115%m,
462s,
1495vs,

1078s,

1495vs,

1012vs,

1490vs,
862s,
1520s,

864s,

1500s,
533m.

1515s,

1485s,

991s,

1311lm,
547m.
1460s,

1590m,

1122s,

1510vs,

1098s,

1470vs,

1003vs,

1460s,
995vs,

1249s,
626m.

lSOOVs;
614m,

1480vs,

1495vs,

15.

1315m,

735vs,
1169s,
1163m,

1520vs,

1030s,

1470s,

1005vs,

1425s,

730vs,

1420s,
690s.

1088s,
1242nm,
570m.

1085s,

1082s,
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CeF5SSi(CeHy) 4 3060m, 3045m, 2990w, 1485vs, 1425s,
1111s, 1088s, 978s, 859s,  696s.

CeF5SGe (CH,) 4 ~ 3055m, 3040m, 2980w, 1505s, 1485vs,.
1430s, 1091s, 978s, - 860s, 697s.
CeF5SSn (CgH,) , 3060m, 3045m, 2980w, 1505s, 1485vs

1425s, 1086s, 1073m, 978s, 859s 696s,

3070w, 3050vw, 1510s, 1480vs, 1435s,

C FSSPb(C6H5)3

6
1083s, 975s, 859s, 691s.

b

C6F5N(H)Si(CH3)3 3390s, 2950m, 2890w, 1520vs, 1470s,

1395s, 1260s, 1168m, 1025vs, 992s,

851s,  76lm.
CoF5N (H)Sn(CHy) ,® 33555, 2955m, 2885m, 1520vs, 1475s,
| 1375s, 1261s, 1247s, 1160m, 10l4vs,

980vs, 78ls.

aPrincipal peaks of spectra measured as CCl4 solutions in 0.5mm

KBr cells.

bSpectra measured as neat liquid between NaCl plates,.
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1430 cm"l (60), and other Group IV metal-phenyl systems
could be expected to give similar bands. Probably the
most characteristic feature of the spectra of all the
compounds reported here is an- extremely intense band
between 1520 and 1460 cm—l, with somewhat less intense
bands in the same region. Since it is present in éll
compouﬁds, it is assigned to a pentafluorophenyl aromatic
stretch.

The region 1400-1000 en~t is dominated by absorﬁ-
tions due to C-~F bonds, theée absorptions showing their
normal high intensity. It is therefore difficult to assign
unambigﬁously any band in this region; in particular,
bands are also expected from C6H5—M vibratioﬁs-(Gl) and
from Si-0 vibrations. The SiCH3 group typically exhibits
bands at 1250 and 840 cm T (60), and in all the methyl-
silicon compounds there is a band within 10 en™ ! of the
higher value. Although the assignment to this group is
not without doubt, any other seems unlikely. Further, ’
the lower band can also be accounted for, in all appropriate
compounds, by a band between 837 and 863 e~ L.

Finally, at approximately 700 cn! there is a

strong absorption in all triphenyl derivatives; this is

typical of ring vibrations.

lH NMR Spectra. The parameters obtained from the measure-

ment of lH nmr spectra are listed in Table II and some

representative spectra are shown in Figures 1-4.
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The compounds (CH3)3MOR.and (CH3)3MSR, where M
is a group IV element and R an organic group are expected,
on the kasis of pfevious work (62), to exhibit methyl
proton resonances at 1owef chemiéal shift for sulfur
than for oxygen derivatives. This has been attributed to
anisotropy in the metal-sulfur bond (62). The compounds
reported here (Table II) do not show this typical order
except -for the silicon derivatives and even the T values
in these compounds are very similar. This implies that
either there is an unusually large deshielding of the
methyl protons in (CH3)3MOCGF5 or a large shielding in
(CH;) jMSCAF.

A comparison at the T value of (CH3)3'-SiOC_:H3 (62)
with that‘of (CH3)3SiOC6F5 shows a decrease of 6.25 T
~units for the methyls directly attached to silicon,
‘whereas in the analogous sulfur compounds the decrease is
only 0.11 t. It thus appears that the C6F5 group causes
some deshielding and this is greatest for an oxygen
compound. Theée facts can reasonably be attributed to
a much greater donation of electrons from ongen to the
ring than from sulfur to the ring, with the resulting
increase in the effective electronegativity of the
pentafluorophenoxy-group. This would cause-the unusually
large deshielding of the methyl protons in the oxygen
compounds. This electron donation to the ring is in

agreement with conclusions reached on the basis of the
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TABLE II

H N.M.R. Spectral Data®

19.

Compound Chemical shifts Coupling Constants
(ppm) '
/ N\
TCH3 P JCH3-F Ofn'CH3
Pb-CH,
CeF5S1(CH,) g 9.59 1.5
CFSi (CH ) i 9.54% 5.36% 1.0
CeFcSi(CHy) ,C H, 9.15 1.6
C¢F5Si(CH;) ,Br 9.01 2.0
C(F5Si(CH;) ,0CH 9.49 6.479 1.7
CoFsSi(CH,),N(CH,),  9.55 7.50" 1.7
CFgSi(CHy) N(H)CGH,  9.35 6.28 1.7
C6FSOSi(CH3)3 9.70 0.9
C4F50Ge (cH,) T 9.37 0.8
CeF50Sn(CHy) 5 9.39 57.8
CF5OPb (CH,) 4 8.49 65.2
CEF5SSi(CHy) 5 9.67 0.6
CF5SGe (CHy) 4 9.43 0.6
CgF5S5n (CH,) 9. 49 57.0
C(F5SPb(CH;) 4 8.64 63.5
CoFoN (H) 51 (CH,) 9.75 6. 80 1.4
CeFgN (H) Sn(CH,) 9.55 7.02™ 1.1 58.4
2 Measured in CDC1 solution at 60 Mc.

3

b Refers to methyl attached to nitrogen or oxygen or to a prot

on



attached to nitrogen or silicon.

No reported value indicates a coupling of < 0.4 cps.

Figure 1.
JHsiCH3 = 3.9 cps, JHSi—F f 0.5 cps.
Septet, JHSiCH3 = 3.9‘cps.
JCH3O—F = 0.5 cps.
JCH3N—F = 0.9 cps.
Figure 3.
J Figure 4.
Figure 2.

Peak broad in lH nmr spectrum, however from lgF nmr

spectrum coupling to meta and para fluorines both

found = 0.5 cps.

Peak broad in lH nmr spectrum, however from lgF nmr

H-meta F = 0.9 cps.

spectrum J = 1.0 cps and JH-para P

20.



H NMR
£ F
™
CHg—?i F
i !
Je39¢cps H
. e E F F
J l.0cps-| \ f
[
Ik 4 lt © SOLVENT-CDCly i
- Js39cps L ' . |
SWEEP WIDTH | |
100¢ps joud SWEEP WIDTH
\/\.mm , | ll 500¢ps
RN |
ot ™S
(il : i .
A S AP p b WPt ,,_-,//Jb‘ll’yML S w_l L_ _,—.'_-'r_..,’
1 1 i 1 1 ! | | i
2.0 a0 40 50 60 70 80 90 10
FIGURE 1
H NMR
CH; M
J 14 cps : 4
CH3'—?i-—N F
CHs
F F
F F
SOLVENT-CDCI -/
SWEEP WIDTH 3 TMS
50¢ps
SWEEP WIDTH ||
./,S/OO—CW/J
WWW i, AL _Aj L/j-' e
L 1 ! 1 | | 1 | 1
20 30 40 50 60 70

FIGURE 2

80

90 10

21.



'H NMR
F f
J*08cps C|H3
CHJ—(I;O—'O F
CH :
3 ¢ :
!
SOLVENT - CDCl4 i
i
i
SWEEP WIDTH SWEEP WIDTH !
. 50cps 500 cps ‘
’ T™S
p_.—.-A_..
1 ] [ 1 ! 1 | [ |
20 30 40 50 60 70 80 90 10
FIGURE 3
TH NMR . ;
CH3
CHy—Sn—$ F
Hy .
SWEEP WIDTH
100 ¢ps
SOLVENT - CDCly
!
SWEEP WIDTH
. 500cps ,
! ! J=570 <ps
r—-——-J=54.4 cps l l
™S
1 1 1 ! 1 1 B 1 1
20 30 40 50 60 70 80 920 10

FIGURE 4

22,



23.

19F nmr spectra, discussed below.

Further, the slightly larger couplings of protons

to 119Sn and 207

Pb in the oxygen compounds, as compared
to the sulfur analogues, imply that the oxygen sub-
stituent is somewhat the more electronegative. This

of course assumes that the coupling is primarily due

to the Fermi contact term and that s character is
concentrated in the bonds to the more electropositive
substituents.

As is to be expected from previous results (62),

T values in the oxygen and sulfur series follow the
order Si > Sn > Ge > Pb; considerable uncertainty
remains as to the reason for this order (63).

Coupling from ring fluorines to side chain protons
has been discussed in detail by Burdon (64). The
reasonabie suggestion was made that coupling to fluorines
substituted in the ortho positions of a phenyl ring
takes place by a "through space" mechanism to an extent
which depends on the nearness of the protons and fluorines,
and to a lesser degree on the relative orientations of
the C-H and C-F bonds.

In the series of Table II which result from changing
the Group IV element, increasing the atomic number causes
a decrease in the coupling constant [e.g. in the series
(CH3)3MOC6F5, JCH3—F = 0.9 cps (for M=Si, 0.8 cps (M=Ge),
< 0.4 cps (M=Sn or Pb)]. This may be attributed to an
increased distance between the methyl protons and

o-fluorines which would result from the larger size of
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of the Group IV element. A comparison of the coupling, 1.6
cps, in (C6F5)23i(CH3)2 with the published value of 0.4
cps for (C6F5)28n(CH3)2 (65) is consistent with the size
effect. '

Of parﬁicular interest are the couplings.in the
compound CgF5Si(CH,) ,H (Figﬁre 1) where, despiteAa
coupling of 1.0 cps between the methyl protons and o-
fluorines, no coupling is observable between the proton
on silicon and the o-fluorines. It seems reasonable to
suppose that F-H "through:space" coupling would take
place only when the two atoms can move to within a
distance of less than the sum of the Van der Waals radii
(i.e. < 2,55 i) as has been suggested in the case of
F-F "through space" coupling (66). Calculations on
the compound CGFSSi(CH3)2H using normal covalent radii
and idealised geometry show that the methyl proton to
o-fluorine minimum distance is considerably less than
2.55 i while the silicon proton to o-fluorine distance

is greater, thus the observed result is to be expected.

19F NMR Spectra. The parameters obtained from 19F nmr

spectra by standard procedures (53) are listed in Tables
IIT and IV and an example of a recorded spectrum is

shown in Figure 7. Most important of the parameters are
the chemical shift of the p-fluorine (¢p) and the ortho

to para coupling constant (J24) since a plot of these two
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Jy4lcps)
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FIGURE 5. The Jog = ¢p relationship fof compounds of

the type C FS—XMR3 where X=0 or S, M=Si, Ge,
Sn and Pb, R= CH3 or C6H5'
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ivatives and the compounds C6F5 (CH3)ZSiX
where X = H, CH3, C OCH N(CH3)2 or

N(H)CGH5

6 5’ 37



chssi(CH3)3 at 564 Mc

20cps 2105 cps
from Cefy ¢
—_— l‘ /‘ ORTHOFLUORINE
{o]

VL

iz ' METAFLUORINE
148 cps ¥ .
from Cf, 34
34 12"
59 b , 59" ?! ﬁ;q‘ }‘za | 7Ml' 12;8.
It 0ok J L/\/
WUV AL

6745 cps | PARAFLUORINE
from CgFs
2 5 8
4116

FIGURE 7. The 19F nmr spectrum of
C6F581 (_CH3) 3e




31.

factofs has.been shéwn to reveal electron interactions
with the pentafluorophenyl system»(50,51,52,53). Hence
only ¢p and J24 were measured for some compounds (53),
Table Iv. Plots resulting from the compounds reported
here are shown in Figures 5 and 6.

Oxygen appears from Figure 5 to be a strong donor,
presumably by a (§+p)n donation. In analogous compounds,
sulfur shows a‘net m effect close to zero since any
donor effect is counterbalanced by donation of ring T
electrons to the vacant 3d orbitals of sulfur. The
lone pairs on sulfur and oxygen are expected to have two
possible modes of bonding: ﬁhey can interact with the
'pentafluorophenyl group causing an increase in T electron
density in the ring, or with the Group IV element, except
carbon, decreasing ring m-electron density. Thus the
two competing bonding possibilities will have opposite
effects on the pentafluorophenyl ring, which provide a
means of estimating the extent of w bonding of oxygen
or sulfur to the Group IV element.

The order of the Group IV elements appears from
Figure 5 to be the same in both oxygen and sulfur éeries,
and indicates fhat the tendency to form m bonds with
oxygen (or sulfur) decreases in the series Si > Ge > Sn >
Pb. A possible éxplanation of this would be that the
overlap between the Group IV vacant d orbital and the
Group VI lone pairs is strongest for silicon and

decreases to lead. Attempts to prepare the trimethyl-
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carbon (t-butyl) derivatives were not successful. These
points would be extremely valuable since they would repre-
sent cases in which double bond formation by the Group VI
element was possible only with the béﬁzene ring. The
points for the phenol and thiophenol (53) are available,
however, and their positions within the two series are of
some interest. The phenol derivative is midway between
germanium and tin, which would indicate that while silicon
and germanium aré T acceptors, tin and lead are 7w donors
relative to hydrogen.

These estimates of the m-acceptor properties of the
Group IV elements are in general accord with conclusioné
reached by other workers (16,17,67). The published studies
consisted of observing the base strengths of Group IV
element derivatives of nitrogen, oxygen or sulfur with
respect to a reference acid. Base strengths are of course
reduced when there is delocalisation of the lone pairs
of nitrogen, oxygen or sulfur into the Group IV element
d orbitals. Thus silylamines were observed to be weak
bases whereas aminotin compounds were strong, in fact
stronger than simple organic amines.

The electron donating properties of tin and lead have
been explained in terms of electronegativities and
inductive effects. 1In the light of this study, however,
it may well be possible that tin and lead are exhibiting

m-donor properties.

For the sulfur compounds, the thiophenol appears
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close to tin and lead derivafives (Figure 5) and silicon
and germanium again act as ﬂ-accepfors. Thus tﬁe'n-

- acceptor properties of germanium seem stronger with
sulfur than with oxygen, which also agrees with previous
studies (17).

The J and ¢p values of several pentafluoroaniline

24
derivatives are shown graphically in Figure 6, with
positions indicating some donation of the nitrogen ione
pair to the pentafluorophenyl ring. Replacement of
hydrogen in pentafluorocaniline by a group capable of -
bonding with nitrogen should reduce donation to the
pentafluorophenyl ring. In the series CGFS—N(H)R, T
donation by R to the pentafluorophenyl ring increases
in the order B(C6H5)2 < CH3 ~ Si(CH3)3 ~ H < Sn(CH3)3.
The expected nitrogen to boron (p»p) 7 bonding in the
boron compound reduces the donation of the lone pair
to the pentafluorophenyl ring. Since no change in the

J and ¢p values is found when one of the protons of

24
aniline is substituted by either a methyl or trimethyl-
silyl group, it is concluded that there is no appreciable
7 character in the nitrogen-silicon bond in N-trimethyl-
silylpentafluoroaniline. These results are in contrast
to some other studies of Si-N bonding (Chapter I) and
also in contrast to the analogous oxygen and sulfur
compounds.

The above discussion uses the pentafluorophenyl

group as a test ligand attached to the more electronegative
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atom of a bond between a Group IV metal and oxygen, sulfur
or nitrogen. It seemed appropriate to confirm the results,
particularly the interesting results with a silicon-nitro-
gen bond, by attaching the pentafluorophenyl group directly
to the metal. Thus the series of compounds CGFS(CH3)ZSiX
3¢ Cefsr 3'2 |
and the resulting J24 and ¢p values are shown graphically.

(X = H, CH OCH3, N (CH or N(H)C6H5) was prepared .
in Figuré 6. The major factor governing the positions on
this plot is considered to be the ability of silicon to
withdraw m-electron density from the aromatic ring to its
own d orbitals (18,68,69). The minor changes within the
series, somewhat surprisingly, do not show a dependence
on the w-bonding ability of the group X andlappear to
reflect the electronegativity of X. A small increase in
Jog thus results from an electronegative substituent on
silicon. This is further confirmed by a change in the T
values of the methyl groups on silicon (Table II) in
almost exactly the same order as the change in Jogi low 1
values are usually‘associated with electronegative sub-
stituents.

It is thought that only ¢ inductive (electro-
negativity) effects are transmitted from a substituent,
%, to the aromatic system in a benzyl compound CGHSCHZZ'
Then from the above discussion the compounds C6F5(CH3)ZSiX
may be considered as similar to pentafluorobenzyl deriva-
tives. Spectral data for those pentafluorobenzyl compounds

which are commercially available is shown in Table III

and Figure 6. The plot of J24 vs ¢p indicates that the
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substituents (-OH,-COCl,-Br) on the benzyl derivatives
are electron withdrawing relative to hydrogen (in
C6F5CH2H (53), ¢p = 159.1, J24 = 0). The -OH group is
a good m-donor when directly attached to a perfluoro-
aromatic system, however its apparent withdrawing
ability can be rationalised by its o-inductive electro-
negativity effécf which would be expected'to be
dominant in this benzyl derivative. Presumably the ¢
inductive effect is mainly responsible for the with-
drawing ability of the -COCl and -Br groups although

these groups are expected to be withdrawing by both

¢ and 7 mechanisms.
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EXPERIMENTATL

"All feaétions were carried out under anhydrous'
conditions with a nitrogen atmosphere. Hydrocarbon
solvents were dried over sodium wire or 9.5% sodium/lead
alloy. Anhydrous diethyl ether was used as obtained
from commercial sources and tetrahydrofuran was dried
by distillation from lithium aluminum hydride.

Fractionation were normally carried out in
vacuum-jacketed Vigreux columns, fitted with a modified
Perkin Triangle when reduced pressure was used. In
those cases where a second fractionation was necessary,

a concentric tube column was employed.

Methods reported in the litefature were used'to
prepare bromotrimethylgermane (70), trimethyllead-
bromide (71), bromotriphenylgermane (72), and triphenyllead
chloride (73). Other reagents are available commercially
and were used without further purification.

Microanalyses were performed by Alfred Bernhardt
Mikroanalytisches Laboratorium, Milheim, Germany and by
the microanalytical laboratory of this department with
results given in Table VI. A Spencer 1241 refractometer
was used to determine the refractive indices (Table V).
Infrared spectra were measured on a Perkin-Elmer Model
337 (grating) spectrometer with a polystyrene film as
reference. Proton and fluorine magnetic resonance spectra
were obtained with a Varian A56/60A spectrometer and mass

spectra were recorded using an A.E.I. M.S.9 instrument.
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Preparation of CGFSSi(CH3)3. A solution of n-butyl

lithium in hexane (31.3 ml, 47 mmol) was added slowly

to a solution of pentafluorobenzene (7.8 g, 47 mmol) in
40 ml of anhydrous diethflether. The mixture was warmed
to -10°, stirred for 30 min and cooled again to -70°.
Trimethylchlorosilane (5.1 g, 47 mmol) was added slowly
and the mixture allowed to attain room temperature. The
precipitate of lithium chloride was filtered off and
solvent stripped off under vacuum. The remaining liquid
was fractionated to give pentafluorophenyltrimethylsilane
(b.p. 179°/593 mm, 7.4 g, 31 mmol).

By the same method CGFSSi(CH3)2H was prepared

from dimethylchlorosilane. The compound (CGFS)ZSi(CH3)2

was also prepared in this way using 1l:1:1 molar ratios of

pentafluorobenzene, n-butyl lithium and dimethyldichloro-

silane.

Method B.

Preparation of CGFSSi(CH3)2Br. To pentafluorophenyldi-

methylsilane (8.68 g, 38 mmol) in 20 ml of pentane, bromine
(6.0 g, 38 mmol) was added very slowly in 30 ml of the
same solvent. The solution was stirred for 1 hr, after
which time the bromine color had virtually disappeared.
Pentane was pumped off under vacuum and the less volatile

liquid fractionated under reduced pressure to yield 83%

of product (b.p. 56°/1.0 mm).
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Method C.

Preparation of CGFSSi(CH3)20CH3. Methanol (1.07 g, 34

mmol) was mixed with 30 ml of pentane and 13.4 ml of a

2.5M solution of n-butyl lithium (34 mmol) in hexane

was added very slowly at -70°. After stirring for 15

min, pentafluorophenyldimethylbromosilane (10.2 g, 34

mmol) was added and the mixture allowed to attain room
temperature. Lithium bromide was filtered off after 30 min
and solvent removed under reduced pressure. The remaining
liquid was fractionated to give the product (b.p. 45°/2.0
mm, 6.2 g, 24 mmol).

The compound C6F551(CH3)2N(H)C6H5 was produced

in the same way using aniline in place of methanol.

Method D. -

Preparation of C6F581(CH3)2N(CH3)2. To a solution of

pentafluorophenyldimethylbromosilane (17.5 g, 57 mmol)
in 50 ml of pentane was added 10 ml of dimethylamine
(158 mmol) at -70°. The mixture was allowed to reach
room temperature and was stirred for 30 min while excess
amine evaporated. The amine salt was removed by
filtration, pentane stripped off under vacuum and the
residual liquid distilled under reduced pressure. The

product was collected at 49°/1.2 mm in 69% yield.

Method E.

Preparation of CGFSOSi(CH3)3. Pentafluorophenol (12.1 g,

68 mmol) and trimethylchlorosilane (7.4 g, 70 mmol) were

refluxed together for 20 hr. The resulting liquid was
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fractionated twice under reduced pressure to afford the

product in 32% yield.

Method F.

Preparation of C6F505n(CH3)3. Sodium pentafluorophen-

oxide was required for this preparation and was formed
in the following way. Clean, dry sodium (1.1l g, 48 mmol)
was placed in 50 ml of THF and ethanol (5 ml, 86 mmol)
was added carefully. When no metallic sodium remained,
pentafluorophenol (8.95 g, 49 mmol) in 10 ml of THF was
added. This mixture was refluxed for 30 min and all
solvent removed under vacuum. The remaining white solid
was washed twice with pentane to yield moderately pure
anhydrous sodium pentafluorophenoxide (8.2 g, 40 mmol,
m.p. 318° (decomp)).

To a solution of trimethyltin chloride (2.5 g,
12 mmol) in 25 ml of benzene was added sodium pentafluoro-
phenoxide (3.0 g, 15 mmol) dissolved in 25 ml of THF. The
mixture was refluxed for 1 hr, allowed to cool, and the
precipitate of sodium chloride filtered off. The filtrate
was evaporated until only a viscous liquid remained.,
This liquid was fractionated under reduced pressure to
give the product at 70°/0.7 mm.

The analogues C_F OGe(CH3)3 and C6F50Pb(CH3,)3

6" 5

were prepared in the same manner starting from the

appropriate trimethylbromo compound. Pentafluorophenoxy-

trimethyl lead was purified by recrystallisation from

benzene.
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Method G.

Preparation of C6F50Ge(C6H5)3. A solution of pentafluoro-

phenol (1.68 g, 9.1 mmol) in 10 ml of benzene was added

to triphenylbromogermane (3.5 g, 9.1 mmol) in 30 ml of the
same solvent. To this was added slowly triethylamine
(1.27 ml, 9.1 mmol) in 10 ml of benzene. The resulting
mixture was refluxed for 4 hr, filtered and the filtrate
evaporated to dryness. The residue was recrystallised
twice from pentane to yield pure pentafluorophenoxytri-
phenylgermane (2.95 g, 6.1 mmol).

Sirpilarly.C6FSOSi_(C.6F5)3 was prepared from

the corresponding chlorosilane using pyridine in place

of triethylamine.

Method H.

Preparation of CGFSOSn(C6H5)3. A 49% oil dispersion of

sodium hydride (0.75 g, 15 mmol) was washed twice with
pentane, dried with a stream of nitrogen, and 7 ml of

THF added. Pentafluorophenol (2.5 g, 14 mmol) in 25 ml
of THF was added dropwise to the hydride. The mixture
was warmed for 10 min and treated with triphenyltin
chloride (5.2 g, 14 mmol) in 15 ml of THF. After reflux-
ing for 4 hr and cooling to room temperature, the fine
precipitate of sodium chloride which had formed was
filtered off and the filtrate evaporated to dryness.

The remaining solid was recrystallised twice from pentane

to yield the pure product (4.05 g, 7 mmol).



In the case of CGFSOPb(C6H5)3 prepared in this

way, separation from (CGHS)PbCl was found to be very

difficult. It was best achieved by several recrystal-

lisations from chloroform solution.

Method I.

Preparation of CGFSSSi(CH3)3. Pentafluorothiophenol

(4.2 m1, 37 mmol) in 10 ml of diethyl ether was added

~ to 23.8 ml of 1.55M n-butyl lithium (37 mmol) in hexane
at -70°. The mixture was allowed to attain room temper-
ature and refluxed for 20 min. Trimethylchlorosilane
(4.71 ml, 37 mmol) in 10 ml of diethyl ether was added
and the mixture again refluxed for 20 min. After
filtration and removal of solvent from the filtrate at
reduced pressure, the resulting pale yellow liquid was
fractionated at low pressure. The required product was
obtained as a colorless liquid (b.p. 53°/0.2 mm, 2.5 g,
9.2 mmol).

All other pentafluorothiophenoxy-derivatives were
obtained by methods very similar to this. However,
trimethyllead and all the triphenyl compounds were
purified by recrystallisation from pentane; the only

exception to this was CGFSSPb(C6H5)3 for which acetone

was found most useful.

Method J.

Preparation of C6F5N(H)Sn(CH3)3. To a 1.5M solution of

n-butyl lithium (26.7 ml, 40 mmol) in hexane at 70° was
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was added pentafluoroaniline (7.32 g, 50 mmol) in 40 ml
of diethyl ether. The mixture was allowed to attain 0°,
at which temperature slight decomposition begins. Tri-
methyltin chloride (7.97 g, 40 mmol) in 30 ml of diethyl
ether was added quickly. After refluxing for 3 hr,
filtering and stripping off the solvent from the filtrate,
the remaining liquid was fractionally distilled. At
75°/0.4 mm the pure product (10.5 g, 30 mmol) was

obtained,

The analogous silicon compound C6F5N(H)Si(CH3)3

was prepared by a similar procedure.

| Also prepared by this method from diphenylboron
chloride was C6F5N(H)B(C6H5)2 but since this product
is a very viscous liquid and difficult to distil the

compound could not be obtained analytically pure.

Found C = 63.71%, H = 4.17%, Calculated C = 62.29%,

19

H = 3.20%. The product appeared pure by lH and F nmr

spectroscopy, and its identity was confirmed mass
spectrometrically (measured mass of molecular ion,

347.0902; calculated mass 347.0903).




TABLE V

Physical Properties and Synthetic Methods
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Compound mpa or bp ngs Method Yield
C4F5Si (CH,) 4 170°/693 mn®  1.4317° A 662
CeF:Si(CHy) B 157°/685 mm  1.4296 A 60%
CeF5Si(CH,) ,C(F, 79°/0.3 mm  1.4611 A 70%
C4F5Si (CH,) ,Br 56°/1.0 mm  1.4643 B 83%
C¢F5Si (CH,) ,0CH, 45°/2.0 mm  1.4300 - C 71%
C¢F5Si (CH,) N (CH,) 49°/1.2 mm  1.4448 D 69%
C¢F5Si (CH,) N (H) C H, 114°/1.2 mm  1.5134 C 54%
CeF 5051 (CH,) 4 56°/7.5 mm  1.4138 E 323
C¢F0Ge (CH,) 41°/0.6 mm  1.4402 F 38%
C¢F0Sn (CH,) , 70°/0.7 mm  1.4767 F 67%
C¢F5OPb (CH;) 5 mp 161-163° F 46%
CF5081(CqHg) mp 95-97° G 73%
C6F50Ge(C6H5)3 mp 99-100° G 67%
CGFSOSn(C-GHS)3 mp 73-75° H 52%
C6F50Pb(C6H5)3 mp 136-137° H 9%
C¢FSSi(CH,) 4 53°/0.2 mm  1.4688 I 25%
C F SGe (CH,) 5 52°/0,5 mm 1.4920 I 53%
CF5SSn (CH,) 64°/0.3 mm®  1.5238 I 222
C¢F5SPb (CH,) mp 32° I 37%
CF5SSi(CeH,) 4 mp 91-92° I 433
CeF5SGe (C H,) mp 97-99°° I 60%
CeF5SSn (C(He) 4 mp 84° I 44%
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TABLE V (continued)

£
C FeSPb (C HL) , mp 95-96° I 8%
CF N (H) Si(CH;) 4 45°/0.8 mm 1.4470 J 55%
CF N (H) Sn(CH,) 5 75°/0.4 mm 1,4949 J 76%

2 a11 melting points determined using Kofler hot stage micro-
scope.

b Lit: bp. 60°/14 mm (54), 170-172° (74), 165° (75), 56°/9.0 mm
(76) .

C Lit: ngz 1.4331 (75), nés 1.4307 (76).
Lit: bp. 62°/0.001 mm and ngo 1.5244 (77).
€ Lit: mp. 96-97° (57).

Lit: mp. 95-96° (57).
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TABLE VI
Analytical Data
Analyses
f———;Calcd — / Found—————w
Compound C H F C H F
CéFSSi(CH3)3 45.0 3.8 45,1 3.8
CoF5Si (CH,) B 42.5 3.1 42.0 42.5 3.1 41.8
CF5Si(CHy) ,C(F, 42.9 1.5 43.3 1.9
CGFSSi(CH3)2Br 31.5 2.0 32.2. 1.9
CoFSi (CH,) ,OCH, 42.2 3.5 37.1 41.7 3.3 36.3
CGFSSi(CH3)2N(CH3)2 44.6 4.8 44.8 4.8
CgF5Si(CHy) ,N(H)C H,  53.0 4.1 53.2 4,2
CEFg051(CHy) 4 42.2 3.5 37.1 42.4 3.6 37.1
CeF50Ge (CH,) 5 35.9 3.0 31.6 36.1 3.1 31.6
| CeF50Sn (CH,) 4 31.2 2.6 27.4 32.3 2.7 27.8
C4F 5OPb (CH,) 24,8 2.1 25.0 2.1
CFs0S1(CeHe) 4 65.2 3.4 21.5 65.1 3.4 21.4
CeF50Ge (CHe) 59.2 3.1 19.5 59.3 3.2 19.5
CgF50Sn (C(H,) 4 54.1 2.8 17.8 54.4 3.5 17.7
C¢F5OPb (CCH,) 46.5 2.4 15.2 46.5 2.6 15.4
CeF5SS1(CH,) 4 39.7 3.3 34.9 39.8 3.5 34.6
C(F5SGe (CH,) 4 34.1 2.9 30.0 34.0 2.9 30.1
C(F:SSn(CH,) , 30.3 2.5 26.2 30.0 2.6 25.6
CGFSSPb(CH3)3a 24.0 3.4 21.0 24,6 2,1 23.4
CeFgSSi(CeH,) 4 62.9 3.3 20.7 62.9 3.6 20.7
CeFeSGe (CH) 4 57.3 3.0 18.9 57.1 3.2 18.8
CeF5SSn(CEH,) 4 52.5 2.8 52.6 3.0
CFeSPb(CEHL) 4 45.2 2.4 14.9 45.6 2.5 15.4
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C6F5N(H)Sl(CH3)3 42.3 4.0 37.2 = 42.6 4.1 37.0

C6F5N(H)Sn(CH3)3 31.3 2.9 27.2 31.4 3.0 27.3

2 confirmed by exact mass measurement of parent ion;

calculated mass 452.0111, measured mass 452.0109.



CHAPTER III

THE REACTION OF LIGANDS WITH PENTAFLUORO-

PHENYLMANGANESE PENTACARBONYL

.The wuse of 19F nmr spectra in studying m-electronic
interactions in the pentafluorophenyl group has been
demonstrated in Chapter II. It seemed that this method
might'further be applied to the study of T-bonding in
metal carbonyis and the carbonyl stretching frequencies
should provide an alternate means df gauging m-effects.
With this idea in mind a number of pentafluorophenylman-
ganese pentacarbonyl derivatives have been prepared and
studied by infrared and l9F nmr spectroscopy. The
findings proved to be in general agreement with con-
clusions reached by Stewart and Treichel (78) from a
comprehensive study of the analogous monofluorophenyl

compounds.

RESULTS AND DISCUSSION

Starting from manganese pentacarbonyl bromide,
pentafluorophenylmanganese pentacarbonyl Has been pre--
pared by two groups using somewhat different methods
(79,80). An adaptation of both proéedures was used for

this study. The ease of formation of pentafluorophenyl-

47.

lithium (Chapter II) makes it most convenient for reaction

with manganese pentacarbonyl bromide. For efficient

purification, chromatography on alumina and subsequent
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vacuum sublimation consistently gives yields of product
in excess of 60%. The compound is white when absolutely
pure, but discolors slowly.

Recently an "improved" method of synthesis has been
reported (81). This involved the reaction of manganese
pentacarbonyl anion with bromopentafluorobenzene to
afford C6F5Mn(co)5 in 47% yield. Réusch (80) had prepared
this same compound in 47% yield some seven years earlier.

Substitution of pentafluorophenylmanganese penta-
carbonyl by various ligands has been achieved by treatment
with free ligand, usually with the assistance of heat or
ultraviolet light. As would be expected, the substitution
reactions resemble those of other manganese pentacarbonyl
systems, particularly the phenyl and bromo-derivatives.

An exception is the reaction of triphenylphosphite, in
which only a monosubstituted derivative is formed even
when heat and excess ligand are used. This feature is
analogous to the reaction of the monofluorophenyl compound
with triphenylphosphite (78). Disubstituted triphenyl-

phosphite complexes are easily obtained in the cases of

Mn(CO)SBr (82) and Mn(CO)5C6H5 (83,84).

Infrared Spectra. In the monosubstituted complexes

the patterns of the terminal carbonyl stretching frequencies
(Table VIII, Figures 8-11) are very similar to those
reported for the compounds cis—BrMn(CO)4L (85),

cis—C6H5Mn(CO)4L (83,86),‘and cis—FC6H4Mn(CO)4L (78),
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suggesting that the pentafluorophenyl group. and substituting
ligand (L) are also cis-to eaéh other. During.the pfepar-
‘ation of these derivatives (with the exception of L = pyri=-
dine), an additional strong infraréd band was observed,
presumably due to the formation of some trans species.
Attempts to- isolate such species were unsuccessful. .

The bis-substituted derivatives are of two types:
those having one bidentate ligand and those having two mono-
dentate ligands. This division is evidenced in the
spectra (Figures 12-15). The infrared spectra of the
bistri-n~-butylphosphine and bistriethylbhosphite derivatives
show a close resemblancefto those observed fo;‘Mn(CO)3L2Br
(82), where it was concluded that the donor ligands were
mutually trans. Thus it may be supposed that a similar

arrangement is present in the derivatives reported here (V).

BFS CBFS CGFS
L., -CO 0C-., €O OC\\ l ,/L

“Mn/‘ M : " Mn
oc?”” I A oc?”” ’ AT oc? l Ny
Cco L Co

\% VI VII

The intensity pattern (weak, strong, strong, in order of
decreasing frequency) does not exclude an arrangement in
which one phosphorus ligand is t¢rans to the pentafluoro-
phenyl group (VI); however, such an arrangement is unlikely

in view of the magnetic equivalence of the two phosphorus
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atoms in the bistriethylphosphite complex (see nmr results
below).

On the other hand, thé bis (1,2 diphenylphosphino) -
ethane and 2,5-dithiahexane derivatives must, by the
structure of these ligands, be'substituted at adjaéent
sites. Consistent with an all eis arrangement for the
carbonyl groups (VII), these derivatives show three
carbonyl stretching bands of approximately equal intensity
in their infrared spéctra. In contrast, the appearance of
only two bands in the infrared spectrum of C6H5Mn(CQ)3-
[(C6H5)2PCH2CH2P(C6H5)2] resulted in the proposal (86) that
two of the carbonyl groups are trans to each other with
all carbonyl groups cis to the phenyl ring (analogous to

VI).

19F NMR Spectra. Analysis of the 19F nmr spectra was

effected using well established methods (51,53) and the
resulting parameters are listed in Table VIII. As a
typical example, the spectrum of C6F5Mn(CO)5 in acetone
solution is shown in Figure 16. Acetone was used as
solvent rather than the more common benzene; this modifi-
cation was necessary as not all of the compounds prepared
were sufficiently soluble in the latter solvent. Such a
change in solvent fortunately did not greatly alter the
nmr parameters as may be seen from the results for
C6F5Mn(CO)5 and C6F5Mn(CO)4Sb(C6H5)3 (Table III). Acetone

did, however, reduce the stability of the complexes,

particularly those of pyridine and 2,5-dithiahexane. The
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problems of insufficient solubility and decomposition meant
that some coupling constants could not be evaluated.
Examination of the nmr parameters was expected to
show a linear relationship between the coupling constant,
J24, and the p-fluorine chemical shift, ¢p’ as has been
found for a large number of compounds (51,52,53). A
measure of the changes in m-eélectron density could then be
qualitatively determined. It might be considered that a
more quantitative approach could be taken by determining
the parameters Op (87) and Ogo (88) . This assumes that the
equations which have been set up relating nmr results with
these parameters (see equations 1 and 2, Table VI, reference
51) may be extrapolated to the compounds reported here.
The equations were actually derived for only eight "common"
organic substituents. Nevertheless an attempt was made to
determine values for Oy and Opo but the results, particularly
for OI,-were at variance with those which were hopefully
expected.
For example, in the case of C6F5Mn(CO)5, calculated
Taft parameters are op = + 0.33 and Ope = ~ 0.21; the former
value would imply an inductive withdrawal by the penta-
carbonylmanganese group. Thus electronic interactions
with the pentafluorophenyl group cannot be reliably deter-
mined by this method although reasonable results have been
obtained for monofluorophenyl derivatives (78). Further
investigation will be required to discover why extrapolation

is not valid in the former case.
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The qualitative relation between‘J24 or ¢p and -
bonding to the pehtafluorophenyl ring seems to remain
tenable and J24 values near zero in all cases imply that
the manganese carbonyl substituents are weak m-donors
relative to hydrogen [for C6F5H, J24 = 1.3, ¢p = 154.3
(51,53)]. Substitution of carbon monoxide by another
ligand certainly changes the m-electron distribuﬁion as
evidenced by a shift in the stretching frequencies of
the remaining carbonyl groups. If a poorer m-acceptor
such as triphenylphosphine replaces carbon monoxide then
an increased donation of metal electron density into the
m* orbitals of the remaining carbonyl groups may be
expected. This implies a general decrease in the CO
stretching frequencies as is observed. Some increased
donation to the m-system of the pentafluorophenyl group
might also be anticipated and this should be evident from
the 19F nmr results. Although changes in ¢p are rather
small there is confirmation of the w-bonding proposal for
the values of ¢p seem to increase with increasing replace-
ment of carbonyl groups. The lack of influence on the
aromatic system by such substitution can be attributed
either to poor overlap of the aromatic m-system and the
T-system on the metal or to a more facile change of 7~
electron density in the carbonyl system compared to the
pentafluorophenyl ring.

Of particular interest is the low shielding of the

o-fluorine atoms in these manganese compounds, which in

fact exhibit the lowest ¢, values of any reported penta-
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fluorophenyl derivatives. A large paramagnetic contribution

19

to the screening is to be expected by analogy with the ~°F

nmr results for a fluorine atoms present in perfluoroalkyl-
metal complexes (89). However, in contrast to these per-
fluoroalkyl complexes, pentafluorophenyl derivatives show a
higher sensitivity to the electronegativity of the atom to
which the perfluoro-organic group is attached (51,53). Thus
the shift to low field of o-fluorine atoms may be attributed
to thevmajor effects of low-lying excited energy levels
mixing with the ground state of the molecule to cause para-
magnetic screening (90), and of the relatively electro-
positive nature of the manganese atom.

In a few compounds it was possible to measure the
coupling of phosphorus to p-fluorine. Thus the p-fluorine
nmr spectra were observed as triplets of doublets for mono-
substituted compounds or as triplets of triplets for disub-
stituted derivatives. A triplet of triplets would also be
expected if J,, were significant and the phosphorus coupling
were negligible. A value of Joy close to zero is, however,
expected in view of the ¢p values and the quite firmly
established J24 - ¢p relationship. We believe therefore,
that the assignment of the smaller coupling to phosphorus
is correct and this is consistent with the phosphorus coupling
observed in all phosphine and phosphite derivatives which
allowed measurement. Taking this assignment as correct,
it follows that both phosphorus atoms in the bistriethyl-

phosphite and bisdiphenylphosphinoethane derivatives are
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in magnetically equivalent and most probably symmetrically

equivalent, environments. This is, of course, consistent

with the structural assignments made on the basis of the

infrared spectra.
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EXPERIMENTAL

Reactions Were carried out and solvents dried as
given in Chapter II. The ligands used in this study
came from commercial sources and were reacted without
further purification. |

Analyses were obtained as before with the results
given in Table IX. Infrared spectra were measured
using a Perkin—Elmer Model 337 (grating) spectrometer
with a Texas Instruments Servo-Riter recorder. Bands

1 1

of gaseous CO and DBr at 2147.1 cm ~ and 1804.9 cm

respectively were used as references for the accurate

determination of other band positions. Mass spectra

19

and F nmr spectra were recorded as before.

Preparation of C6F5Mn(CO)5. Pentafluorobenzene (1.41 ml,

12.8 mmol) was dissolved in diethyl ether (25 ml), the
solution cooled to -70°, and a 1.55 M solution of n-
butyllithium (8.22 ml, 12.8 mmol) in hexane added slowly.
The mixture was allowed to warm to -10° and kept at that
temperature for 1 h. The resulting solution was cooled again
to -70° and a suspension of manganese pentacarbonyl bromide
(3.50 g, 12.8 mmol) in 10 ml of ether was added. The
mixture was allowed to attain room temperature slowly and
was stirred for 14 h.

After evaporating to dryness, the residue was chromato-
graphed in benzene solution on alumina. The required product

is first to pass through the column but does contain a little

Mn, (CO)y,. The latter is easily removed by fractional sub-
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limation to yield pure pentafluorophenylmanganese pentacar-

bonyl (2.98 g, 8.25 mmol, 65%).

Preparation of Tri-n-butylphosphine complexes. To a solu-

tion of tri-n-butylphosphine (0.84 g, 4.2 mmol) in 20 ml of
xylene was added pentafluorophenylmanganese pentacarbonyi
(1.5 g, 4.1 mmol). The mixture was heated at 135° for 3
days, cooled, and the solvent removed under reduced pressure.
The resulting solid was subjected to sublimation under high
vacuum at 60° to give colorless oily crystals. On resublim-
ation, the volatile product (0.26 g, 0.48 mmol) remained

slightly impure but was confirmed to be..C6F5Mn(CO)4P(§_—C4H9)3

by an exact mass measurement of its parent ion in the mass
spectrum: calculated mass = 536.0947, measured mass = 536.0948.
The nonvolatile product was recrystallized twice from hexane

to yield pale yellow crystals of C6F5Mn(CO)3[P(n—C4H9)3]2-

(L.1 g, 1.6 mmol).

Preparation of C6F5Mn(CO)4P(C6H5)3. Pentafluorophenylman-

ganese pentacarbonyl (1.0 g, 2.8 mmol) and triphenylphosphine

(0.74 g, 2.8 mmol) were added to 30 ml of toluene and the
mixture was heated at 90° for 3 days. After removal of
solvent under reduced pressure, the residue was taken up in
the minimum of hexane, filtered, and cooled to yield pale
yellow crystals. These were recrystallized once from
hexane to give the pure product (1.1 g, 1.8 mmol) .

The same procedure was used for the preparation of

the compounds C6F5Mn(CO)4As(C6H5)3, C6F5Mn(CO)4Sb(C6H5)3
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and C6F5

fold excess of ligand was used.

Mn(CO)4P(OC6H5)3; for the latter derivative a two-

Preparation of C6F5Mn(CO)4NC5H5. Pentafluorophenylmangan-

ese pentacarbonyl (6.0 g, 17 mmol) was dissolved in 250 ml
of dichloromethane and pyridine (1.5 ml, 1.3 g, 16 mmol) was
added. This solution was irradiated for 40 min. at 10° by
a 450 watt Hanovia 679A lamp. Dichloromethane and excess
pyridine were removed at reduced pressure, the remaining
solid taken up in chloroform, and the solution filtered.
Evaporation of chloroform yielded a yellow solid which was
sublimed at room temperature for 3 days under high vacuum
to remove unreacted pentacarbonyl (0.9 g, 2.5 mmol). The
unsublimed material was récrystallized twice from hexane to

yield the pure product (0.58 g, 1.5 mmol) as light yellow

crystals.

Preparation of C6F5Mn(co)3[P(OC2H5)3]2. Technical grade

triethylphosphite (1.2 g, 5.8 mmol) and pentafluorophenyl-
manganese pentacarbonyl (1.0 g, 2.8 mmol) were dissolved

in 30 ml of methylcyclohexane. The mixture was heated for
12 h at 80° and, after cooling, solvent was removed under
reduced pressure. The resulting white solid was recrystal-

1 ized twice from hexane to yield fine white needles (1.43 g,

2.2 mmol).

Preparation of CGFSMn(CO)B[(CGHS)ZPCHZCHZP(CGHS)Z]' Bis-

(1,2 diphenylphosphino) ethane (1.1 g, 2.8 mmol) was added
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to a solution of pentafluorophenylmanganese pentacarbonyl
(1.0 g, 2.8 mmol). After heating for 24 h at 90°, solvent
was removed under reduced pressure. Recrystallization from

benzene yielded the pure product (1.45 g, 2.03 mmol).

Preparation of C6F5Mn(co)3(CH3SCH2CHZSCH3). Pentafluorophenyl-

manganese pentacarbonyl (1.5 g, 4.1 mmol) and 2,5-dithia-
hexane (0.65 g,'5.3 mmol) were heated together in 30 ml of
methylcyclohexane for 3 days at 90°, The mixture was cooléd
to 0° and the resulting solid collected. Excess pentafluoro-
phenylmanganese pentacarbonyl (0.15 g, 0.4 mﬁol) was removed
by sublimation under high vacuum at 50° and the remaining
material extracted with dichloromethane. After addition of
pentane and cooling to -15°, the pure product (0.9 g, 2.1

mmol) was obtained.
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CHAPTER IV

A REVIEW OF CYCLOPENTADIENYL DERIVATIVES OF RHODIUM AND

IRIDIUM

A. Cyclopentadiene Derivatives

After the preparation of ferrocene there was much

interest in possible analogues of other metals. Thus in

+

© 1953 the isoelectronic species szRh (VIII) and Cp21r+ (Cp

refers to the pentahaptocyclopentadienyl group (91) through-
out this Chapter) were produced (92) by the reaction of
rhodium or iridium triacetylacetonates with a cyclopenta-
dienyl Grignard reagent and subsequent precipitation as

the 13’ salts [IV.1l].

Rh (CH,COCHCOCH ;) , | 13 . -
> [Cp2Rh] I3 [IV.1]

W

+ CSHSMgBr

Almost identical reactions have sinée been found using the
chlorides instead of the acetylacetonates, and the products
were isolated as the Br3_ and PF6— salts (93,94). Other
rhodocinium (i.e. Cp2Rh+) salts can be made by replacement
of one anion by another large anion (92).

When RhCl., is used in reaction [IV.1l] a most unusual

3
by-product, Cp4Rh3H, was obtained in 3% yield (95,96). The
structure has been determined as IX by X-ray diffraction
Rh
/
8,
RH—CZRh
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(95,97), and the presence of the unique hydrogen atom con-
firmed by nmr and mass spectrometry (95,96).
The first reported preparation of rhodocene, szRh,

employed the very novel proéedure of bombarding ruthenocene

with neutrons [IV.2] (98).

104 n,y 105 B oY 105 B 104
Cp2 Ru —_ sz‘ Ry —— Cp2 Rh —> Cp2 Rh

[Iv.2]
The product, however, was not well characterised and alter-
native proposals as to the composition of the product have
been made (99). Subsequently the species Cp,M (M = Rh and
Ir throughout this Chapter) were prepared by the reduction
of (Cp2M)+(PF6)— by molten sodium (94) with immediate sub-
limation of the product to a finger cooled by liquid nitro-

gen. At room temperature dimerisation takes place to give

X.

The rhodocinium ion (VIII) has been reduced by sodium
cyclopentadienide and by phenyllithium (93) to afford a
product with the cyclopentadienyl or phenyl group in the exo

position [IV.3] and also in the former case a compound,

©

+
CpZRh + CSHSNa —_— Rh + (CsHs)sha [ 3]
i IV,

=t

Cohe
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(C5H5)6Rh2, whose structure remains unknown., Essentially,
- the same reaction takes place on reaction of sodium boro-
hydride and sodium cyclopentadienide with rhodium tri-
chloride but the intermediate rhodocinium salt is, of

course, not isolated [IV.4] (100). The compound‘(XI)

©

RhCl, '+ CcHeNa + NaBH, —— Rh
3 55 4 i XI

IR

——

H

[IV.4]

and its iridium analogue have also been prepared by reaction
of the anhydrous trichloride, sodium cyclopentadienide and
cyclopentadiene (101). Acidified hydrogen peroxide oxidises
CpMC5H6 and related compounds, such as CpRh(CSHSCGHS)’ to
remove a hydride ion with consequent formation of (szM)+
or its derivatives. These were isolated as tetraphenyl-

boron salts (101). Reaction of CpRh(CSHSCGHS) with

bromine appears to give the polymer (CpRhBrz)x [IVv.5], which

Q.

Rh  —2»  (CpRhBrly 2 R
8 | T Nests [1v.5]
Br

CeHg

may be broken down by pyridine (93).
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Almost the reverse of reaction (IV.5] has been shown
in the reduction of pentahaptopentamethylcyclopentadienyl-
rhodium dichloride dimer with cyclopentadiene and sodium
carbonate in ethanol [IV.6] (102). One product contains

the endo-H isomer of ventamethylcyclopentadiene. Reduction

Rh Cl+ H.c Rh ¢
[&S(CH:,)SRhClZ]Z Hy CHy K E B
+ CgHg —— H3C CH3 H3C H
* NayCo, - Hy J Hy [IV.6]
Nami\\ ii;7
Rh
HiG i G
HiC
g CHy
H

of the other product, which is a mixed rhodocinium salt,

affords the corresponding exo-H isomer.

B. Other Olefin Derivatives

The moiety CpRh has been shown to accept two olefinic
groups as ligands (e.g. compounds X and XI); thus the
prototype of this kind of compound is CpRh(C2H4)2 (XI1),

prepared by reaction [IV.7] (103). By a similar method

[(C2H4)2RhCl]2 + CgHyNa —> CpRh(C2H4)2 [IV.7]
XII

CpRh(H2C = CHCHZCH CH=CH has been formed (104) and the

2 2)
pentamethylcyclopentadienylbisethylene compounds of both

rhodium and iridiumhave also been reported recently (105).



Nmr studies indicate that the ethylene ligands of XII
rotate about their u bonds but do not exchange (104).
The rotation is slower in CS(CHB)SI:(C2H4)2 than in the
rhodium analogue (105) showing the typically better w-
bonding of third-row compared to second-row transition
metals. Replacement of ethylene in XII is possible by
Lewis acids; thus soé yields CpRh(SOZ)(C2H4) (106) but
a base such as triphenylphosphine will not react.
Treatment of XII by hydrogen chloride at -60° gives an

ethylchloro derivative [IV.8] (106), identified by nmr,

Rh . HCI — . Rh [1Iv.8]
P \’. 2 e \
HZC\/ \///CHZ ‘ X cl
W : Cs
X1 h "2

but this product decomposes at -20°.
In addition to those involving cyclopentadiene,
diene complexes are known which contain cyclooctadiene

(107,108,109,110), norbornadiene (III), duroquinone

70.

(112) or 2,6 ditert-butylbenzoquinone (1,4) (113,114,115).

These derivatives are prepared by reaction of the diene

with MCl., and subsequent reaction of the product with

3

sodium cyclopentadienide, e.g. [IV.9]. Compounds XII and

XIII have been studied by mass spectrometry (109).

With mercuric halides the cyclooctadiene (XIII) and
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RbCH A ‘ A E7\"Rh/C'\Rh"" ,
+ — | . N
3 L - \C”/ . ‘\Y
ICSHsNa
@ [IV.9]
Rh

norbornadiene derivatives form adducts such as CpRhC7H8-HgCl2

(111) and CpIrC8H 'HgBr2'(llO).

12
Not only has 2,6 ditert-butylbenzoquinone (1,4) been

used to prepare CpRh [2,6(C4H9)2C6H202] (XIV), but also the

analogous indenyl complex from potassium indenide (113).

The compound (XIV) has been subjected to an X-ray structural

determination (114) and to polarographic studies (115).

Allyl derivatives of cyclopentadienylrhodium are also

known; the first prepared was CpRh(C3H5)2 (Xv) [Iv.10] (1le)

[(C4HZ) ,RNCL], + TIC.H, —> CpRh(C3H5)2 + TICl [IV.10]

XV

which presumably contains one m and one ¢ bonded allyl group.
Hydrogen chloride reacts with XV according to equation [IV.11].
A 1 crotyl complex analogous to XVI has also been made by a

CpRh(C3 + HCl —> CpRh(C3H5)Cl [IV.11]

XVI

Hg)

(CpRhC12)2

rather novel route [IV.12].
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=CH-CH=CH

RhCl, + CH, , —> (C4H,),Rh,C1,(C,H() [1v.12]
TlCSH5
CpRh(C4H7)Cl
C. Carbopyl Compoupds

Cyclopentadienyldicarbonylrhodium (XVII) is prepared by
the reaction of dicarbonylrhodium chloride dimer with excess

sodium cyclopentadienide [IV.13] (118,119). The analogous

[(CO)ZRhCl]2 + C5H5Na — CpRh(CO)2 + NaCl [IV.13]

XVII

iridiumcompound was formed in similar fashion using Ir(CO)3C1
(120). The pentamethylcyclopentadienyliridium derivative,

CS(CH3)SIr(CO) has been formed from [C5(CH3)5IrC12]2 (see

X
equation IV.26) in two ways: (i) reduction with sodium car-
bonate under carbon monoxide pressure (ii) reflux with
Fe3(CO)12 in benzene (121). The nmr spectra of the indenyl
derivatives C9H7M(CO)2 (122) have been reported, although
the preparations of these compounds are not given.

On irradiation in pentane or hexane, XVII loses
carbon monoxide to produce the metal clusters Cp2Rh2(CO)3
(XVIII) and (CpRhCO)3 (123,124,125). Examination of these
compounds by X-ray spectroscopy has revealed their structures

and show that the latter compound exists in two distinct

isomers, XIX and XX. The structures are all of great
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interest since XVIII is the first binuclear carbonyl com-

plex with a single bridging CO group (124).

Also XIX and

XX represent the first case where X-ray spectroscopy has

shown the difference between possible bridged and non-

bridged forms of a carbonyl compound (123,125).

Mixed metal cluster compounds have been formed by

reaction of XVII with Fe2(CO)9 [IV.14] (126) but as yet

CpRh(CO)2 + Fez(CO)9 —_ CpRhFez(CO)9 + CpRhFe3(CO)ll

Cp2Rh2Fe(CO)6 + szhaFez(CO)8

[IV.14]

no structural determinations have been made on these

derivatives.

Carbon monoxide is eliminated from XVII by a variety

of ligands. Refluxing with cyclooctatetraene causes

complete elimination [IV.15] (127).
Cco

@R“/\co‘ A — O

XVII

Hexafluorobut-2-yne

[IV.15]
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affords two major products [IV.16] (128). Compound XXI has

rRh ¢ | [IV.16]
/N, T
o¢ 0 R
XVII

found by X-ray studies (129) to have a benzene ring with a
bent structure presumably owing to localised bonding. It
must be remembered, however, that it is sterically impossible
for hexa (trifluoromethyl)benzene to be planar (130).
Phosphines, phosphites and isocyanides also displace
carbon monoxide from XVII (131). Only monosubstituted
derivatives may be obtained with phosphines but both mono
and disubstitution can take place with phosphites and

isocyanides [IV.17]. A bis-substituted phosphorus trifluoride

CpRh(CO)2 + P(OCH?’)3 —_— CpRh(CO)P(OCH:,’)3

XVI I
P (OCH;) 5 [IV.17]

CpRh[P (OCH,) 51,

complex has also been made by a different route [1v.18] (132).
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(C8H14RhCl)2 + PF3 —_—— [(PF3)2RhCl]2

C5H5Tl [Iv.18]

CpRh (PF,) ,
Triphenylphosphine is reported to react with CpIr(CO)2 to

yield CpIr (CO)P(CGHg), (131) but this product was poorly

5)
characterised. Azobenzene causes loss of carbon monoxide
from XVII (133), however, it remains difficult to formulate
a structure for the product [IV.19].

CpRh(CO)2 + C6H5NNC6H5 —_> CpRh(HNC6H4NC6H5) [IV.19]

XVII

Oxidation of XVII has been noted with iodine (134)

and the pseudo-halogens CF3I, CZFSI and C3F7I [IV.20] (135).

; , [Iv.20]

Rh  + Cfl —> Rh
25 ~
7N\ oc///w Cofs
, I
XVII XXI1

An asymmetric centre was confirmed to be present at rhodium
in XXII by an lgF nmr study (135) and subsequently a crystal
structure determination showed the compound to exist as a

racemate (136).

Possibly the only reaction of XVII in which carbon
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monoxide is not eliminated is the formation of an adduct with

the Lewis acids HgCl2 and HgBr2 [IV.21] (110).

CpRh(CO), + HgCl, —> CpRh(CO),+HyCl, : [IV.21]

D. Halide Derivatives

Some halogen compounds have been mentioned above but
a few more remain for discussion. A most unusual preparation
of (CpRhIz)X has been reported (137) from bis(cycloocta-1l,5-

diene) -y,u'-dichlorodirhodium [IV.22] but attempts to repeat

0°,ether

(CgH,,RhCL), + I, ——t==CCs (CpRhI,) . [IV.22]

gl oRhCL)
this work by the original authors and by others (121) have
failed. Thus this reaction must be viewed with reserve.

In the same suspect work some derivatives of (CpRhIz)x

were reported [IV.23]. A dimethylsulfur derivative similar

CH,MgT
(CPRAT,)y + (CgHg) 3P —> CPRAI;P(Cels) 5 [1V.23]

CpRh (CH;) ,P(CHg) 5

to XXIII has also been prepared [IV.24] (138).
Rh212(CH3)4[S(CH3)2]3 + CgHpNa ——->.CpRh(CH3)Zs(CH3)2 [IVf24]

The polymeric halide (CpRhBrz)X [IV.5] has been
treated with a dithiolate salt to afford a monomeric

derivative [IV.25] (139).

(CpRhBrz)X + NaZCZHZS2 —> CpRhSzczH2 + NaBr [Iv.25]
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E. Pentamethylcyclopentadienyl Derivatives

Much work has recently been reported by Maitlis and
coworkers (102,105,121,140,141) on pentahaptopentamethyl-
cyclopentadienyl derivatives of rhodium and iridium, some
of which has been mentioned above [IV.6]. The dimers

[CS(CH3)5MC12]2 (XXIV) are prepared by the reaction of

hexamethyl (Dewar) benzene with the metal trichlorides in

methanol [IV.26] (140,141,142). The dimeric chlorides

R
2 ©oaMCl ¢ WCHOH —>
A [1V.26]
CHy 1 CH
2CH3(CH;0),CH + 2HCI + H3C—<@§ vid \\ CHy
\\Cl/
CHg

CHy
XXIV

(XXIV) will undergo halogen exchange when treated in
solution with sodium iodide and both chloride and iodide
dimers can be broken down to monomers CS(CH3)5MX2L with
ligands L such as triphenylphosphine, pyridine or p-
toluidine. The di-iodo triphenylphosphine monomer was
further reacted with a methyl Grignard reagent to yield

both dimethyl and methyliodo products [IV.27] (121).
CS(CH3)5RhI(CH3)L + CS(CH3)5Rh(CH3)2L

The compound XXIV has also led to an interesting

series of reactions with 1,2bis (diphenylphosphino)ethane
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(diphos), [IVv.28] (121).

XXIV + diphos —> [CS(CH3)5C12Rh <« P(C6H5)2CH2-]

diphos [IV.28]

+ —
_ L NHPRST

[CS(CH3)5RhCl(diphos)]+PF6 e 4 76 - Cg(CH3);Cl,Rh(diphos)

A mixed dimeric species is obtained by reaction of
dicarbonylrhodium chloride dimer with 1-(l-chloroethyl)penta-
methylcyclopentadiene in methanol [IV.29] (121) and this

product can be broken down into monomers with the ligands

CHy CHy
HyG 3
3 C cl
iconrnci]  + E’) HyC R\( ~_. _-Co
HaC e 3,0 O o
CH3 CH, Chp 3 [1V.29]
lP‘CsHsh

C5(CHyIRACLPICGHg )3+ (iCgHg)yP],Rhcoc

triphenylphosphine and p-toluidine.

Some tetrahaptobenzene complexes of rhodium and
iridium similar to XXI [IV.16] have been formed from the

diacetate derivative of XXIV, dimethylacetylenedicarboxylate

and hydrogen [IV.30] (105).

2
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3
C5(CH3)cMIOOCCHy))H,0
— 5 HyC
+ CHOOCCECCOOCH; o 030c M. CCHOJOE H3CH3COOH [IV.30]

+ H

An nmr study of these derivatives shows fluxional behaviour
of the benzene ligand: at 155° only one carboxylmethyl
resonance is observed.

The work of Maitlis is perhaps the only detailed study
of reactions of the cyclopentadienyl derivatives of rhodium

and iridium and thus much work remains to be done in this

field.
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CHAPTER v

SOME GROUP IV METAL DERIVATIVES OF

CYCLOPENTADIENYLDICARBONYLRHODIUM

The fact that cyclopentadienyldicarbonylrhodium
undergoes reactions with iodine or'perfluoroalkyl
iodides accompanied by elimination of carbon monoxide
has been mentioned in Chapter 1V, [IV.20]. Such
reactions fall into the general class of "oxidative
addition" reactions (143) although in this case the
more specific term "oxidative elimination" (144) seems
preferable in order to express the loss of carbon
monoxide. Oxidative addition reactions to d8 complexes
have been reviewed recently (143,145) and in the case
of 18 electron, 5 coordinate systems are best generalized
by equation [V.1l]. An alternative pathway for such a

reaction is through prior dissociation of a ligand to form

+

[
L6 ey |
J,»'L l ‘n\M,w'L - -L S [v.1]
— + ——
l\ /I\A /I\A
&+
a more reactive four-coordinate complex. Labilisation

of a ligand is often brought about by heating or irradi-

ating a five-coordinate complex, equation [V.2]. The

importance of such reactions in homogeneous catalysis has
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|
—p

I A S

L N\, -
SN R T N [v.2)

been stressed (145) and has encouraged the study contained
in this and the following chapters.

Such oxidative methods could be expected to yield
numerous Group IV metal derivatives of cyclopentadienyl-
dicarbonylrhodium and this is verified by the findings
reported here. The first germanium-rhodium bonds are
described, although rhodium bonds to silicon (146,147,148)
have been established recently and those to tin (149-154)

have been known for some years.

RESULTS AND DISCUSSION

Irradiation of CpRh(CO)2 in non-polar solvents has
been reported to yield szha(CO)3 (124) and Cp3Rh3(CO)3
(123,125), probably via eliﬁination of carbon monoxide
and formation of the reactive intermediate "CpRhCO"
(compare with equation [V.2]). The presence of a silane,
however, appears largely to inhibit the formation of

oligomers and gives. the derivatives CpCORh(H)SiR3 [V.3]

D s

Rh ¢+ (CgHohsiH L Rh v Co [v.3]
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This is rationalised by preferential reaction of "CpRhCO"
with the silane rather than with another molecule of
rhodium compound.

Owing to difficulties in separation from starting
materials, silyl hydride products could only be isolated
using silanes of relatively high molecular weight (i.e.
triphenyl and tribenzyl silanes). As solids these derivatives
show signs of decomposition over a period of a few days at
room temperature although they seem stable at -15°, 1In
solution they are considerably less stable, particularly
if polar solvents are used. Similar silyl hydrides have
been reported from various silanes also by irradiation
procedures (155,156,157).

An lH nmr spectrum of CpCORh(H)Si(C6H5)3 was
measured in carbon tetrachloride; this solvent was chosen
in preference to chloroform, dichloromethane or acetone
since the compound appears to decompose more rapidly in
the latter solvents. Typical resonances were observed
for phenyl and cyclopentadienyl protons; the most intense
peak of the phenyl system was observed at T 2.72 while
the cyclopentadienyl resonance was observed as a triplet
(J = 0.5 cps) at T 4.77. The cyclopentadienyl protons
might be expected to couple to 103Rh (100% abundance with
spin %, see Chapters VI and VIII) and to the unique proton
(158,159). Since a triplet is observed it must be con-
cluded that the couplings of these two nuclei of spin %

are equal in magnitude.
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The hydrogen directly bonded to rhodium can be
anticipated to couple to this metal (158,160) and thus a
doublet (J = 31.8 cps) was observed at T 21.1. The
peaks were broad (width 3 cps) presumably because of
coupling to the five cyclopentadienyl protons, mentioned
above. It is of interest that this high field resonance
is found at a chemical shift close to those observed for
the unique protons in CpMn(CO)z(H)Si(C6H5)3 (T 21.7)
(157) and CpRe(CO), (H)Si(CH) 4 (1 19.1) (157).

Trichlorosilane and methyldichlorosilane undergo
very facile reactions with CpRh(CO)2 to afford bis-silyl

derivatives [IV.4], presumably via a silyl hydride species

[IV.4]
/fq\\ +  2CLSIH — Rh_ + Hy + CO
. c Sici
o¢ %o 0 li ’
Cly

as intermediate (155). The reactivity of CpRh(CO)2 is
interesting since CpCo(CO)2 only reacts with trichloro-
silane either with the assistance of ultraviolet light
to give CpCOCo(H)SiCl3 (155) or at 100° to give
CpCOCo(SiCly), (161).

The compound CpCORh(SiClZCH3)2exhibited an lH nmr
spectrum in CDCl3 solution consistent with the proposed
structure. One resonance which appeared as a sharp

doublet at T 4.33 can be assigned to the cyclopentadienyl

-
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ring. A second doublet at T 8.73 could be attributed to
two methyl groups attached to silicon particularly as
this resonance integrated with the cyclopentadienyl
resonance in the ratio of 6:5. The doublet structures
can be ascribed to coupling with rhodium and for both
doublets J(Rh—H) = 0.8 cps. The compounds CpCORh(SiCl3)2
and CpCOIRhSnI3 (see below) show resonances at T 4.21
and 14.00 respectively, owing to the cyclopentadienyl
protons although the expected doublet structures could
not be resolved.

Products of the type CpCOXRhMX3 (M = Ge or Sn and
X = Cl, Br or I) are formed under moderate conditions
by the treatment of CpRh(CO)2 with the tetrahalides of

germanium and tin [V.5]. This is to be expected by analogy

©

Rh +
N
N\ |

with the reactions of CpCo(CO)2 (162). However, although
compounds of the type CpCOCo(MX3)2 could be isolated when
an excess of halide and temperatures up to 110° were
employed,énly the compounds CpCOXRhMX3 formed under similar

reaction conditions. The inability to form CpCORh(MX3)2 is
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rather surprising, not only because cobalt analogues can
be prepared but because of the existence of the isoelect-
ronic compounds CpCORh(SiCl3)2 and C6H6C0Ru(GeCl3)2 (163).
It seems reasonable that this is a kinetic rather than
thermodynamic effect, possibly attributable to a strong
Rh~X bond which might inhibit the insertion of MX2 (l62).
In preparing the derivatives CpCOXRhMX3, difficulty
was experienced in two cases. Germanium tetraiodide
gives a moderate yield of CpCORhI2 which cannot easily be
separated from the required product. The problem was
overcome by using the method of halogen exchange on

CpCOC1RhGeCl Stannic chloride in toluene .or pentane

3°
reacts with CpRh(CO)2 to afford a highly air-sensitive,
orange-yellow powder which decomposes in air to give

the required product. A similar intermediate is obtained
with stannic bromide when pentane is used as solvent.
Possibly these intermediates are adducts between the
Lewis base, CpRh(CO)z, and the Lewis acids, SnX4,similar
to adducts such as CpRh(CO)z-HgCl2 (110). Since these

main group halides are acidic without loss of halide

ions, perhaps for such cases [V.1l] should be rewritten

as [V.6]

| L8 I L Lo~ | B
— , — M7 —  om7 [V.6]
N T 7™

A-B
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Oligomeric compounds formed on reaction of CpRh(CO)2
with stannous halides, but were difficult to characterise
fully. Their high masé and relative insolubility makes
them unsuitable for molecular weight determination,
nuclear magnetic resonance or mass spectrometry. From
the elemental analyses the derivatives were given the
formulae (CpCORhSan.'é Solvent)x (see Table XI) however,
the value of x is uncertain. A value of X equal to three
seems most reasonable for in the compound (CpCOCoSnClz.
%C6H6)X, X was again considered to be three (164,165)
and the compound (CpCORhSnC12)3 could be expected to

result from stannous chloride insertion into the known

trimer (CpRhCO)3 (123,125},

Infrared Spectra. Most cdmpounds show one carbonyl

stretching vibration (Table X) as expected for monocarbonyl
molecules. However, thecompoundsCpCORh(H)Si(CH2C6H5)3,
CpCORh(SiClZCHB)2 and CpCOIRhSnIZCH3 show extra bands in
cyclohexane solution. Such effects, which may be
attributed to the asymmetry of the substituents on rhodium
have already been well documented and explained as due to
conformers (44,162). The tribenzylisilane derivative is
worthy of particular note since it is the asymmetry of the
benzyl group rather than the asymmetry of the substituent
arrangement around silicon or tin that likely causes the
splitting of the infrared bands.

The proposed trimeric species each exhibit two
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TABLE X (continued)

Footnotes to Table X.

a Decomposition temperatures around 200° and poorly

defined (over 10 - 40° range) except as noted.
Dichloromethane solution except as noted.

€ 95 - 100° dec.

Cyclohexane solution,

© 64 - 66° dec.

120 -~ 125° dec.

9 110 - 115° gec.

Nujol mull.
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carbonyl bands which are at virtually the same wave-
numbers in each case, and are presumably also produced
by a conformational effect. The exact nature of the
conformers remains unknown as the geometries of the six-
membered rings have not been determined. The polymeric
species (CpCORhSnClz)n also exhibits two bands at
similar wave-numbers but with reversed intensity pattern
compared to the trimers. The splitting most probably
has its origin in a conformational effect as in the
other examples, although it may be due to crystal
splitting.

Reactions of dichloromethane solutions of
1

(CpCORhSnClZ.%C2H4C12)X or (CpCORhSnClzl.-3-C6H5CH3)x or
a suspension of (CpCORhSnClz)n in dichloromethane with
chlorine gas give solutions which show only one carbonyl
stretching vibration at 2093 cm—l. Thus the product in
each case may be assumed to be CpCOCthSnCl3 (vco = 2093

cn 1) and this verifies the similarity of the starting

materials.
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EXPERIMENTAL SECTION

All reactions and crystallisations were carried out
under a nitrogen atmosphere, mainly by the use of Schlenk-
tube techniques. Solvents were dried as previously des-
cribed. Published procedures were used for the preparation
of GeI4 (166), SnBr4 (le66), SnI4 (166), CH3SnI3 (167) and
CpRh(CO)2 (118,119). Other reagents were availlable
commercially and were used without further purification.

Microanalyses (Table XI) and physical properties

(Table X) were obtained as before.

Preparation of CpCORh(H)Si(C6H5)3. Cyclopentadienyldi-

carbonylrhodium (1.12 g, 5.0 mmol) was dissolved in benzene
(30 ml) and triphenylsilane (1.30 g, 5.0 mmol) added. The
resulting solution was irradiated by a Hanovia 616A, 100
watt lamp for 5 days keeping the vessel close to room
temperature. After filtering through a very short column
of Florisil and concentrating to about 2 ml, hexane (10 ml)
was added to yield off-white crystals of product (0.26 g,
0.57 mmol, 11%).

The compound CpCORh(H)Si(CH2C6H5)3 was produced

in analogous fashion using a reaction time of one week
and recrystallising the product twice from hexane. The

yield of the greenish-white derivative was 0.24 g, 0.48

mmol, 10%,

Preparation of CpCORh(SiCl3)2. Cyclopentadienyldicarbonyl-

rhodium (0.89 g, 4.0 mmol) was added to trichlorosilane
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(.37 g, 10.0 mmol). After a few seconds a vigorous
reaction took place with evolution of much gas. The

mixture was stirred for'a further 2 hr and excess silane -
removed under high vacuum. The solid residue was re-
crystallised from hexane, sublimed under high vacuum

and crystallised again from hexane. Colorless crystals

of product (1.13 g, 2.43 mmol, 61%) were thus obtained.

In analogous fashion_.CpCORh(SiClZCH3)2 was

prepared using methyldichlorosilane.

Preparation of CpCOCthGeClB. Germanium tetrachloride

(0.21 g, 1.0 mmol) was added to a stirred solution of
CpRh(CO)2 (0.22 g, 1.0 mmol) in toluene (20 ml) and the
mixture heated at 60° for 1 hr. After cooling and adding
pentane (20 ml), the solid formed was recrystallised
twice from dichloromethane/pentane to give the pure product
(0.21 g, 0.51 mmol, 51%).

The above method, without the use of heat, was
employed to obtain corresponding derivatives from the

halides GeBr4, SnBr4, SnI4 and CH3SnI3.

Preparation of CpCOIRhGeI3. The compound CpCOCthGeCl3

was prepared as above from CpRh(CO)2 (2.5 mmol) and

GeCl, (2.6 mmol) and dissolved in dichloromethane (20 ml).

4
Sodium iodide (1.5 g, 10 mmol) was added and the mixture
stirred for 2 days. After filtration, the filtrate was

concentrated to 10 ml and pentane (10 ml) added. Cooling

to 0° afforded fine black crystals which were recrystallised
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from dichloromethane/pentane to yield 0.82 g (1.1 mmol,

42%) of product.

Preparation of CpCOCthSnClB. To a solution of CpRh(CO)2

0.34 g, 1.5 mmol) in pentane (20 ml) was added SnCl4

(0.18 ml, 1.5 mmol), also in pentane (20 ml). A highly
air-sensitive orange-yellow precipitate was formed and
collected. This was allowed to decompose completely in the
laboratory atmosphere and the resulting viscous o0il
extracted with dichloromethane (50 ml). Addition of
pentane (50 ml), cooling to 0° and recrystallisation of

the resulting solid from dichloromethane/pentane yielded

orange-red crystals (0.24 g, 0.53 mmol, 35%).

Reactions with stannous chloride and bromide. Finely

powdered stannous chloride (0.74 g, 4.0 mmol) was added

to a solution of CpRh(_CO)2 (0.89 g, 4.0 mmol) in 1,2~
dichloroethane (20 ml). The mixture was heated at 75° for
24 hr., After cooling, the precipitate was collected and
dried under high vacuum to yield the orange polymeric

product [CpCORhSnClZ]n (1.26 g, 82%).

. A little of this polymeric compound (0.30 g) was
heated for two days in 1,2 dichloroethane (50 ml) with
CpRh(CO)2 (0.22 g, 1.0 mmol). After the mixture had been
cooled to room temperature and filtered, pentane (20 ml)
was added to the filtrate and the resulting solution

cooled to -15°, Orange crystals of [CpCORhSnClZ;%C2H4C12]X
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(0.18 g, 58%) separated.
Cyclopentadienyldicarbonylrhodium (0.89 g, 4.0 mmol)
was dissolved in toluene (20 ml), stannous chloride (1.5 g,
2.9 mmol) added, and the mixture stirred at 70° for 24 hr.
After éooling to room temperature the mixture was filtered
and the filtrate cooled to -15°., Small bright orange
1

crystals of [CpCORhSnClzl..§C6H5CH,3_]X (0.41 g, 25%) were

formed.

An analogous reaction takes place with stannous bromide

to afford orange-red crystals of [CpCORhSnBrZ'.%C6H5CH3]X

(0.28 g, 14%).
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TABLE XI (continued)

Footnotes to Table XI

8 Confirmed by exact mass measuremeat on ion
CpRh(H)Si(C6H5)3+, 428.0467 calculated; 428.0469

found. Parent ion was of very low intensity.

Confirmed by exact mass measurement on parent
ion CpCORh (H)Si(CH,C,Hg),", 498.0885 calculated;

498,0885 found.

Compounds assumed to be trimers (x = 3), see

discussion.
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" CHAPTER VI

THE REACTIONS OF CYCLOPENTADIENYL (DIMETHYLPHENYLPHOSPHINE) -

CARBONYLRHODIUM WITH HALOGENS AND ORGANIC HALIDES

The general nature of oxidative addition reactions
have been described in Chapter V. However, the tendency
for d8 complexes to undergo such reactions depends markedly
on the nature of the central metal ion and the ligands
associated with it. Ligands which increase electron den-
sity at the central metal improve the possibility of a
complex to undergo oxidative addition (145). Thus replace-
ment of carbon monoxide in CpRh(CO)2 by a phosphine can be
expected to increase the ease of oxidation of the system.

The formation of complexes CpRh(CO)PR3 has been
reported for a variety of phosphines (131), although no study
of the reactions of such compounds has been published.

The previously unreported complex with dimethylphenyl-
phosphine was chosen for a study of oxidative—eliminétion
processes involving halogens and pseudohalides, this
particular phosphine was selected so that the formation of
any compound containing an asymmetric centre at rhodium
(135,136) could be monitored using the chemical shift

separation of the two methyl resonances in the nmr spectrum.

RESULTS AND DISCUSSION

Bromine reacts at low temperatures with CpRh(CO)P(CH3)§

C6H5 (XXV) to form an ionic derivative (XXVI); on warming
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to room temperature and above, the ionic form loses carbon

monoxide with formation of the neutral dibromide (XXVII),

(equations VI.l).

\

CHy—P

Rh
///| \\\Br

o

CHy’ c|6 ¢

XXVIITI

The intermediate cation is stabilised by

r \+
Rh -
/ \ Br
CH3—/I Br
CH ¢ XXVI
(e 0
Al
@ IVI.I]
rp @
CHj——Ff///l \\\Br
CH3 Cls'-% Br
XXVII

conversion to its tetraphenylboron salt (XXVIII) by rapid

reaction with sodium tetraphenylboron in methanol.

decomposes too rapidly to obtain an nmr spectrum.

Chlorine reacts similarly but the ionic derivative

In

dichloromethahe solution at room temperature, infrared

spectra indicate that the ionic chlorine derivative has a

half—life of about two minutes.

The corresponding ionic

bromide decomposes more slowly as a solid or in solution.

The tetraphenylboron salts of both cations are more stable,

decomposing over a few days at room temperature, but they

are apparently stable if stored at -15°.
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On warming, both‘bromide and chloride ionic derivatives
give high yields.of nonionic dihalides. The intermediate
formation of ionic halogen compounds has been observed in
the preparation of other nonionic halides (168,169) and is
characteristic of the general oxidative elimination
reaction [V.l]. Iodine and perfluoropropyl iodide presumably
react in similar fashion to chlorine and bromine but only
the neutral species CpRhP(CH3)2C6H512 and CpRhP(CH3)2—
C6H5C3F7I could be isolated. Similar replacement of carbon
monoxide has been noted for CpRh(CO)2 (134,135). Likewise
CpCoP(C6H5)3I2 has been formed by carbonyl replacement from
CpCo(CO)P(C6H5)3 (134).

Acetylbromide and trifluoroacetyl chloride react as

pseudohalides to give ionic products at low temperature

[VI.2].. These ionic compounds decompose a little below

CPRh (CO) P (CH,) ,CyHy + CF,COCL —>  [CPRAP (CH,) ,CpH, (CO) -
cocr,1 c1”

[VI.2]
room temperature, forming complex mixtures. Formation of
tetraphenylb&ron derivatives only slightly increases the
stability of these compounds but does give a useful method
of purification. A similar derivative could not be obtéined
from acetyl chloride, although an infrared spectrum of the
reaction mixture at -23° showed the presence of a small
quantity of the desired product.

Most interesting is the reaction of CpRhCOP(CH3)C6H5

(XXV) with alkyl halides to yield the acyl complexes
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CpRhP(CH3)2C6H5(COR)X(XXX) [VI.3]. It appears likely that
the ionic intermediate [CpRh(CO)P(CH3)2C6H5R]+X_ (XXIX)

is initially formed with subsequent nucleophilic attack

7/ \+
XXV g e | R;h\ .-
C“3~P/ \c CH3—P/ | r
g ° eyl ¢
[VI.3]
— . XXIX
g “ Na* [B(CGHS)L] | Jf
Rh [B(cGHS)L]' R;h
CH3—P/, Sr CH —p/l oo
/| ¢ w4 |
M O e’ X
65 ) CSHS
XXXI XXX

of the halide ion and simultaneous pmigration of the alkyl
group to the carbonyl group. Such an intermediate must have
some stability as shown by the existence of similar iridium
compounds (see Chapter VII) and of [CpRhP(CH3)2C6H5(CO)CH3]+—
[B(C6H5)4]_ (XXXI). Indeed the ease of formation of this
compound could possibly be explained by the presence of an
equilibrium between ionic and nonionic forms (XXIX ans XXX)..
Also, infrared spectral data indicate that reaction of (XXXI)
with tetraphenylarsonium chloride reforms the neutral acyl
compound (XXIX).

The existence of an ionic intermediate which is made

neutral by halide ion attack is reminiscent of the reaction
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of allyl iodide with CpCo(CO)2 (170). In the latter reaction,
however, both derivatives could be isolated.

Since the generalised reactions [VI.3] were originally
found, two reports of similar reactions have appeared in the
literature. The compound trans-RhX(CO)(PR3)2 reacts with
methyl iodide to give initially RhXICH4 (CO) (PR,), (171) which
slowly undergoes QO inse;tion to yield RhXI(COCH3)(PR3)2.

In this kinetic study there was evidence suggesting that
methyl bromide undergoes the same reaction more slowly, but
no analytical data were given for any products. A more care-
ful study of trans-—RhCl(CO)zPPh3 (172,173) has shown that
this compound reacts with methyl iodide to afford RHC1I(CO)-
(COCHB)PPh3; no intermediate could be isolated in this case.

A very limited number of alkyl halides undergo reactions
[VI.3]; the steric requirement of the alkyl group seems to
be an important factor. An infrared study of small scale
reactions indicated that benzyl derivatives could also be
formed, although no acyl carbonyl bands appeared from n-
propyl chloride or t-butyl chloride reactions. A kinetic
study (174) of these reactions has confirmed that the rate
of reaction decreases rapidly with increasing chain length
of the alkyl group and decreases with the halogen in the
order I > Br > Cl. From iodobenzene and trimethyltin iodide,
only the nonionic diiodide could be obtained and this in
good yield in the latter case. Similar conclusions regarding
the importance of steric effects were proposed in the pre-

paration of the derivatives CpCOP(CGH,:)3R2 (175) and
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RhXI(COCH3)(PR3)2 (171) . For the rhodium compounds reported
here this is consistent with the idea of initial formation
of an Rh-R bond and subsequent migration of R to the car-
bonyl group. If the alkyl group were to bond directly to
the CO carbon (e.g. in a four center mechanism), consider-
able easing of steric problems would be expected and the
dependence of compound formation on the group R would be
less easily accounted for.

It is known that attack of nucleophiles such as
carbon monoxide, triphenylphosphine or iodide ion (176)
on CH3Mn(CO)5 causes methyl migration to yield an acyl
derivative. Such attack is analogous to the attack of
halide ions on the proposed cationic intermediate

[CpRhP (CH C6H5(CO)CH3]+. In the rhodium system, however,

32
attack should be even more facile due to electrostatic
attraction. Indeed, the similarity of these two systems
may be taken further by considering the preparation of the
methyl derivatives from methyl halides. Both involve
attack of a nucleophilic species CpRh(CO)P(CH3)2C6H5 or
Mn(CO)S_ on carbon. In the former example the halide

ion produced remains in solution for further reaction and
in the latter the halide ion would be precipitated out,
normally as the sodium salt. This mechanism can also be
compared with the low temperatufe bromination of iron

carbonyl (169), although in the present case compounds con-

taining an acyl carbonyl are the more stable products.
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Infrared Spectra. The starting material CpRh(CO)P(CH3)2C6H5,

formally an Rh(I) compound, has a relatively low carbonyl
stretching frequency which is rather sensitive to solvent
(Table XII). All reactions reported here yield Rh(III) and
thus in the compounds where carbon monoxide remains coordinated
a typical increase in frequency is observed. When the carbon
monoxide becomes'placed in an acyl position, the frequency
drops as expected, but remains consistent with previously

known examples (171,172,177,178) of rhodium-acyl moieties.
Splitting of the carbonyl bands into two components is

observed in most cases. This is attributable to the extremely

asymmetric nature of these molecules (44,179).

.lH Nmr Spectra. All spectra show at least three sets of

resonances due to the phenyl and methyl protons of the
phosphorus ligand and the cyclopentadienyl system attached

to rhodium. Both 3lP and 103Rh have 100% abundance in nuclei
with spin % and thus peaks in the spectra can be expected to
exhibit a double doublet structure The phenyl resonances
show typical complex structures and thus only the chemical
shift of the most intense line is reported for each compound
in Table XIII. The methyl and cyclopentadienyl resonances

do in most cases appear as the expected double doublet with
phosphorus assumed to have the greater coupling constant in
both cases. This seems very reasonable for the methyl groups
directly attached to phosphorus but for the cyclopentadienyl

systems this interpretation is based on the results of
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TABLE XII (continued)

Footnotes to Table XII

a
In dichloromethane solution.

1952 en™t in cyclohexane solution.



STI0T 2 TT AF A £3- 7" 0 €°1 ¥0°0 SE°8 8I'6 S8°Fy 80°¢ w0y, %m0

2 ~(02) “u?5% (fuo) apado]

€1 LTI 0 %°0 9°0 ST G170 LT°8 8T°L ¥8°v oz°z 10 (¥ H00D)

-51%5% (Yuo) awuds

T°1 S TT e eeen 7°0 z 1 ¥0"0 LZ8 "*** [8°y  0T°€ _7(5e%o) e, [ (Faoo0)

| - (02) “u?5% (Yup) ayudo]

0 vezT e eeen 0 0 L0°0 T¥°L “*** 99°t pp-z _19, [ (*anoo)

- (00) 5u%5% (*ud) auudo]

T°1 9°TT 0 0 0 T°1 L0°0 €T°8 8S°L 89°% 10°€ 7 (*u%) e, 1 (*uoo0)

- (00) °122% (*H0) auudo]

21 6°TT 0 0 ¥°0 0°T TT°0 T9°L 8%°L 2Z6°€ 8p°z ;%4 [ (FH000)

- (00) *u%5% (*ud) awudo]

0 9° 0T AREERRE 0 ST 8T°0 68°L **°° SL'v gzS°z J1a%%1%5% (fuo) auudo

L0 9°TT Tere eeen 0° 8°1 TTUTUG9TL  *ttt  €£9°%  0g°z ¢151%5% (fup) awudo

L0 €421 e e 70 L°T "ttt G8°L **"* 0L'% 05z ¢2g°1%5% (*mo) auudo

50 9' 2T e eees ¥°0 S°1 0T°0 LE'L **** 1G°¢ zp-z _ig, [1g

- (02) “B%5% (*uD) auudo]

L0 T°€T AR R S°0 8°1 S TTCTTB6°L Tttt 0L'v 8z ¢15%u%5% (*uo) ayudo

9°1 L6 SR 9°0 9°0 "Ut6TT8  CCct zZLvy  Lgez (00) “5%5% (*uo) auudo
“mo-wa, fmo-a, X-W, X-4, do-ug do-a, .o %m0, - ¥ do. g9 punoduop

q q 51V 1 g 1 1

eled Iex3oads ¥WN H_ .

T
IITX H'199L -




106.

‘PoATosax ATaxood _pz- 3e psuTte3qo umazoodg

b
o0 3I® pauTelqo umajzoadg 3
*burTdnoo |sutaoniy o3 snp Afqeunsaxd SSUTT sduruOsSaI 2Y3z IO butusproxq swos pamoys punodwod sTyf 5
‘POSn rsjswoxjzosds oyl Xq
PSATOS®1 aq 30U pPTNod yotym °*s+d-o 7°0> 3O jue3suoo bBurfdnoo e PS3edTPUT ATTewrou *s°*d+o g jJo sn{eA y o
.ESHUOC...H uo axjuso
OTxjsumise sy3 o3 anp sdnoxb TAyzsuw snxoydsoyd om3 sy3z Jo uotTjexedss 3ITYS TeoTWoUD Y3 O3 sxo3ax 1y 5
. €
*snxoydsoyd o3 pepuoq AT308xTp 30u sdnoxh TAyzsuw Jo suojoxd o3 sSISIox HO, q
cuTos Cvnl ¥,5.9 . €
Utes "ID"ad ut s3tes _Y(“H7D)g 3deoxs -uTos E1ngo UT o0% 3® OW 09 23e painseoy
e
¥,5,9 Z Z
z*1 vt et e 7' 0 T°1 €0°0 zE'8 8g'v 11'¢ _ (°H ovmmHAOUVA HOHD"HD)
_ -91°5% (Yno) awudo)
[4 Z
NO.H wonﬂ‘ﬁ e s o6 e v e mco ﬂ.;ﬂ lﬂmnﬁlo mnﬂow Nwov wmnN HUA mumu mUOUv
. -Su95% (*mo) auudo
_ €
€°1 211 0 0 9°0 9°1 %070 66°L 20°L SL°v §5°T I ("HOOD)
-51525% (Yup) awads
€
T°T veIT 0 70 9°0 9°1 y0T'0 80°8 80°L OL'P €5°'2 <€ (“HDO0D)
-%125% (fuo) ayudo
(pOnUT3IUOD)  yrTIYX ATIAVL




107.

*€Z2°0 = .Gmmmp ‘07— 3B ‘{aanjexadwsl uo Jjuspuadsp uorjzexedss 3ITys TeoTwayd -

*buttdnoo

umMTPOYI woxy suorileiredss 3ITYS T[eOTWSUD SIBTIUSISIITP O3 I9PIO UT O QT 3I® poInsesw .osTe umizoads Y




108.

Schuster-Woldan and Basolo (131) and the results given in
Chapter VIII. Spectral measurements on the compound
CpRhP(C6H5)3(CH3)2 (137) also agree in this relative assign-
ment although this work must be treated with caution (see
Chapter V). In the Rh(I) compound (XXV) the phosphorus and
rhodium couplings to the cyclopentadienyl ring are of the
same order with the result that a triplet is observed, just
as in the compound CpRh(CO)P(CGHS)3 (131) . Little can be |
inferred from the small changes in Tcp except to note

the deshielding present in the ionic halides in chloroform

solution.

Because of 31P and 103Rh coupling the two methyl

groups are expected to appear in the nmr spectra as double
doublets, as noted above; in addition, the difference in
magnetic environment of each group due to the asymmetry at
rhodium, in most derivatives reported hefe, introduces a
chemical shift separation (At). Thus a group of eight
'equally intense lines should be observed. This was experi-
mentally verified, but did introduce the problem of correctly
interpreting separation as chemical shifts or coupling con-
stants. Three representative spectra of CpRhP(CH3)2C6H5(COCH3)X,
where X = Cl1 (Figure 17), Br (Figure 18) or I (Figure 19) were
observed at 100 Mc as well as 60 Mc, thus proviaing unambigu-
ous assignments in these cases and allowing fairly confident
assignments to be made for the other compounds. Similar uses
of magnetic nonequivalence of methyl groups to confirm

asymmetry have been reported for the compounds CpFe(CO)(COCH3)—



'H NMR 60Mc CDCly soln.
I
[ Jell7eps
Jp=15cps 1 I.n .’
Jay?06 cps | J'l.Ocp:-Tl'- d‘
SWEEP WIDTH . i
100¢cps | i ﬁ L
SWEEP WIDTH ﬂ %?!SW%&me
M/Hv 500¢ps ! Lj!ﬂ P v
i }.,N_.MJW R
| | 1 1 { | 1 1 1
20 30 40 50 60 70 80 %0 100
TH NMR 100Mc  CDCly soln.
I
CsH C—CH
5 5>Rh< 3
CH;—P ct
&{W
C6H5 II I
SWEEP WIDTH lh.
i 1000¢ps , ', :
'\“L-' L | v w‘**”’”"'f*w
| | | i | I i ] | |
0 10 20 0 40 50 60 70 80 90 100
TH NMR 100Mc CDCly soln.
I‘ J: W\ 7¢ps | Ar-‘O.ll7(17.3 cps)——*n—-J*chps
H b f‘
(CHg), P S | ” “' “"
RESONANCE ' 1 " !
0 o H
Ly ¥ |
I [*
‘ ,‘ [ SWEEP WIDTH
l \ l‘ 50 cps
P / )
i \«. \ !
;i\
Mﬂ-‘"’“"/ "‘"""""ﬁ// w R T """""M«\W\Mw.
FIGURE 17: The lH NMR Spectrum of CpRhP-
(CH3)2C6H5(COCH3)C1.

109.



TH NMR  60Mc CDCly soln.
i
Jprlbeps |
RirObcps |
||

SWEEP WIDTH l
i

100¢ps j L |

SWEEP WIDTH
500¢ps

, 100 cps
A J]J Ms)
JMMJJ ! ' F-
1 ] ! ] 1 1 I 1 ]
20 30 40 50 60 70 80 90 100

J 1 lcps J'H.dcps

SWEEP WIDTH

JH NMR 100Mc  CDCly soln.

, 1000 cps &
b oMt AT A A

SWEEP WIDTH ’

..J Mh rMMm
1 { I | |

( 10 20 30 40
"H NMR 100Mc CDCly soln.

50 60 70 8.0 90 100

‘CHJ)ZP ) Dr:010 nJ - J=Ndcps J:Vleps
RESONANCE | M0Scps)  F |
[} ' ' ,
\ I\ | \ j\
H
! ’ ‘l 1
V i1+ SWEEP WIDTH
k } \ 50cps
I i
/ \ ]
P iyt k‘, *“\\qlnﬁlmw'/ \MM\%W

FIGURE 18. The >

CpRhP (CH3) 2C6H5 (CoCH

H NMR Spectrum of

3)Br.

110.



TH NMR  60Mc CDCly soln. '
erll2:ps‘|
” 'l ™S
o SWEEP WIDTH 15
Jp*16cps ' K0cps
Janr06 cps -,. \ ’
SWEEP WIDTH ’
100¢ps {  SWEEP WIDTH ' !
J , ! 500 cps it
5 i
L0
J i
..»*"N’J " | S+ |
) ! ] 1 L i | 1 ]
20 30 40 50 0 70 20 20 100
TH NMR 100Mc  CDCly soln,
0
c ]
5H,\Rh _C—CHy
CHJ“‘/—II’/ N ”
s Cobs SWEEP WIDIH !
1000cps ni
Ix
| , 1
W vl ! i‘h
W F v Ve .‘JL...._.Af}k-__.._,___d
| | I | i ! I § 1 1 I
0 80 90 100

"H NMR 100Mc
CDCl3 soln.

(CHy),P RESONANCE

SWEEP WIDTH
50 ¢ps

10 20 30 40 50 60

r) 112 ¢ps —
ArJ:13cps

Bl

FIGURE 19:

The lH NMR Spectrum of

CpRhP (CH,) ,C H, (COCH;) I.

111.



112.

P(CH3)2C6H5 (180) and CpFe(CO)P(C6H5)3CHZSi(CH3)2C6H5 (181).

(Table XIII) are greater in the
P-CH3

Rh(III) derivatives than in the Rh(I) starting material;

Values of J

this is in accord with the view that the effective electro-
negativity of Rh(III) is greater. Decreasing JP__CH3 along

the series chloro, bromo and iodorhodium (III) derivatives

can similarly be rationalised.

Other resonances observed were attributed to acy1
groups which appeared at chemical shifts expected for such.
groups (171,178), and in the compound [CpRhP(CH3)2C6H5(CO)—
CH3]+[B(C6H5)4]- (Figure 20) a methyl group is directly
attached to rhodium. The observed chemical shift and
coupling constants are comparable in magnitude to sﬁch com~—
pounds as RhC12CH3(CO)[P(C6H5)3]2 (178) where Tog, = 9.15

3

P-CH, = 5.0 cps and JRh-CH3 = 2.1 cps. The resonances

exhibited by allyl protons were insufficiently resolved for

J

determination of the associated nmr parameters. Relative
peak areas were found to be correct for all compounds. The
only exception was the ionic o-allyl complex, where integra-
tion was not possible, for the allyl protons showed their
presence only by small deviations from a straight base line.

The other protons in the molecule integrated correctly.
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EXPERIMENTAL SECTION

Analyses (Table XIV) and nmr spectra (Table XIII)
were obtained as given in Chapter II. Infrared spectra
(Table XII) were measured with a Perkin-Elmer 337 grating
spectrometer and recorded in expénded form on a Hewlett~-
Packard‘7127A recorder. 'Sﬁectra were calibrated using
a carbon monoxide gas cell for the terminal carbonyl
region and a polystyrene film for acyl carbonyl spectra.

Solvents were purified as described previously.
Halogens and organic halides were ﬁsed és obtained from
commercial sources, except the organic iodides, which were

distilled after standing over sodium thiosulfate.

Preparation of CpRh(CO)P(CH3)2C6H5. Cyclopentadienyldi-

carbonylrhodium (1.27 g, 5.7 mmol) was dissolved in hexane
(50 ml) and phenyldimethylphosphine (1.0 g, 7.2 mmol) added.
The mixture was stirred for 6 hr at room temp, filtered,

and cooled to -15°, Fine orange crystals of product

slowly formed and were filtered off and dried in vacuum

(yield 1.2 g, 63%).

Preparation of [CpRhP(CH3)2C6H5(CO)C1]+C1_. A solution

of CpRh(CO)P(CH3)2C6H5 (0.33 g, 1.0 mmol) in 10 ml of
dichloromethane was cooled to liquid nitrogen temperature
and chlorine (0.07 g, 1.0 mmol) was distilled in. The

mixture was slowly warmed to -78° and hexane (15 ml) added
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to precipitate a bright yellow solid. The solution was
decanted and the solid washed twice with 10-ml portions of
hexane, while maintaining the temperature close to -78°.
After.drying under high vacuum for several hours, the
yield of product was 0.35 g (86%).

A similar procedure was used. to prepare [CpRhP(CH3)2-
C6H5(CO)Br]+Br—, 24 hr was allowed for the reaction with
bromine at -78°. |

Reaction of the phosphine adduct with CH3COBr and
CF3COC1 in similar fashion afforded [CpRhP(CH3)2C6H5(CO)—
(CoCH,)1¥Br™ ana [CPRhP (CH,) ,C(H, (CO) (COCF5) 17C17; these
reactions were carried out at -23° for 12 hr, and during

the work-up procedure the temperature was maintained near

-2300

The

. +
Preparation of [CpRhP(CH3)2C6H5(CO)ClJ.IB(C6H5)4]

chloride [CPRAP(CHj),C.Hi(CO)C1]TC1™ (0.20 g, 0.49 mmol)
was quickly dissolved in methanol (10 ml) and a solution
of sodium tetraphenylboron (0.25 g, 0.73 mmol) in 5 ml of
methanol immediately added. The mixture was stirred for
30 min and the bright yellow precipitate which formed was
filtered off. This was washed twice with 3-ml portions
of methanol, once with 3 ml of pentane and dried under
vacuum. The weight of product was 0.27 g, (80%).

+ -
The compounds [CpRhR(CH3)2C6H5(CO)Br] [B(C6H5)4]

+ -
[CPRhP (CH C.H (CO)(COCH3)] [B(C6H5)4]

3)2 65

C.H (CO)(COCF3)]+[B(C6H5)4] were prepared

[CPRhP (CH,) ,C H,
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by the procedure outlined above from the corresponding .

halide salts.

Preparation of CpRhP(CH3)2C6H5C12. The ionic halide

[CpRhP(CH3)2C6H5(CO)C1,].+C1_ (0.20 g, 0.49 mmol) was
placed in 10 ml of dichloromethane and stirred for 6 hr.
Hexane (20 ml) was added and the mixture cooled to yield
_CpRhP(CH3)2C6H5Cl2 (0.16 g, 86%)f

The corresponding dibromide_.CpRhP.(CH3)2C6H5Br2

was also prepared by this method from [CpRhP(CH3)2—
C6H5(CO)Br]+Br—; however, a reaction time of 3 days was

necessary for complete conversion in this case.

Preparation of CpRhP(CH,),CcH I,. A sample of CpRh(CO) -

P(CH3)2C6H5 (0.22 g, 0.66 mmol) was dissolved in 20 ml of
dichloromethane and iodine (0.17 g, 0.66 mmol) added.
After 1 hr, the solution was concentrated to 5 ml, 10 ml
of pentane was added, and the mixture was cooled to -10°.

The fine black needles of product which formed were collected

and dried (yield 0.27 g, 73%).

Preparation of CpRhP(CH3)2C6H5C3F7I. Perfluoropropyl

iodide (2.0 g, 6.8 mmol) was added to CpRh(CO)P(CH3)2C6H5

(0.50 g, 1.5 mmol) dissolved in 10 ml hexane and the mixture -
allowed to stand for 24 hr. The orange microcrystalline

precipitate was collected, washed with two 10-ml portions

of hexane and dried (yield 0.53 g, 59%).

Preparation of CpRhP(CH3)2C6H5(COCH3)C1. A sample of
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CpRh(CO)P(CH3)2C6H5 (0.44 g, 1.3 mmol) was piaced'in a
Carius tube}and about 2 ml of methyl chloride condensed.
into the tube. After sealing, the tube was left at room
temperature for 4 days. Excess methyl chloride was’
removed under reduced pressure, and the product was col-
lected and recrystallized twice from dichloromethane-
pentane (yield, 0.24 g, 48%).

Reactions with methyl bromide and allyl chloride were
car:ied out by a similar procedure for a period of 24 hr;

the products were CpRhP(CH3)2C6H5(COCH3)Br and,CpRhP(CH3)2—

C6H$(COCH CHCH,)C1 respectively.

2

. + -
Preparation of [CpRhP(CH3)2C6H5(CO)CH3] [B(C6H5) 1 .

A solution of sodium tetraphenylboron (0.25vg, 0.73 mmol) in .
5»ml of methﬁnol was added slowly to CpRhP(CH3)2C6H5(COCH3)-
Cl (0.19 g, 0.5 mmol) in 10 ml of methanol. A pale orange
precipitate formed immediately, but this quickly became
white. After stirring for 1 hr the precipitate was filtered
off, washed twice with 5-ml portions of methanol and once |
with 5 ml of pentane. After drying in vacuum, the yield of
microcrystalline white product was 0.32 g (96%).

The same procedure was used to form the very pale

. N _
yellow [CpRhP(CH3)2C6H5(CO)CH2CHCH2] [B(C6H5)4] from

CpRhP (CH3) 2C6HS (COCHZCHCHZ)Cl .

Preparation of CpRhP(CH3)?C6H5(COCH3)I. Methyl iodide

(0.34 g, 2.4 mmol) was added to a solution of CpRh(CO)-
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3)2C6H5 (0.33 g, 1.0 mmol) in 20 ml of dichloromethane

and the mixture stirred for 1 hr. The solution was concent-

P (CH

rated to about 1 ml and hexane added very slowly to yield

dark red crystals (0.34 g, 71%).

The cobalt derivative4CpCoP(CH3)2C6H5(COCH3)I was

prepared by a similar method from CpCo(CO)P(CH3)2C6H5.
The latter was formed by refluxing CpCo(CO)2 with excess

phosphine in hexane solution.
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CHAPTER VII

NUCLEOPHILIC PROPERTIES OF CYCLOPENTADIENYL-

(TRIPHENYLPHOSPHINE)CARBONYLIRIDIUM'

Some oxidative addition reactions on CpRh(CO)P(CH3)2-

C6H5 have been described in Chapter VI, and so it seemed
a similar study of a corresponding iridium compound might
prove fruitful. The compound chosen was the triphenyl-
phosphine derivative CpIr(CO)P(C6H5)3 since this could
be very convehiently prepared as described below. _

. The strong resemblance of CpCo(CO)2 and Fe(CO)5 has
often been noted (182,162) and thus the phosphine-sub-
stituted cyclopentadienyldicarbonyl compounds of rhodium
and iridium might usefully be compared with the phosphine
substituted pentacarbonyls of ruthenium and osmium e.g.
Ru(CO)3[P(C6H5)3]2. The oxidative addition reactions
of the latter systems have been well sﬁudied by Collman and
Roper (168,183,184). Osmium compounds were found to give
stable ionic derivatives, e.g. {OsBr(CO)3[P(C6H5)3]2}+Br—,
as intermediates in the formation of the neutral dihalide
(168). No'such ionic intermediates could be isolated for
the analogous ruthenium systems (183). This was attributed
to the heavier transition metal having more strongly bound
carbonyl groups (168,185). In comparison, CpRhP(CH3)2—
C6H5(CO) reacts with halogens to give unstable ionic inter-
mediates which could only be isolated with difficulty. It
might be expected, therefore, that comparable iridium com-

plexes would give stable ionic derivatives and this has been
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borne out by the work reported here.

RESULTS AND DISCUSSION

Cyclopentadienyltriphenylphosphinecarbonyliridium
(XXXII) has been reported to form by the slow reaction of
CpIr(CO)2 (XXXIII) with triphenylphosphine. However, in
this kinetic study (131) the product was poorly character-
ised. Thus using P(C6H5)3 and XXXIII prepared by the
procedure of Fischer and Brenner (120) high yields of
XXXII could be expected. Unfortunately the required
intermediate, Ir(C0)3Cl, is obtained in good yield only
by a difficult and very tedious route.

It was then discovered that treating the well known
and easily prepared (152) compound [(C6H5)3P]2Ir(CO)Cl
with sodium cyclopentadienide gave XXXII simply and
efficiently [VII.1]. This reaction involves the displace-
[(CgH) 3P1,Ir(CO)CL + C HNa —> CpIr(CO)P(C.H:) 4

[VII.1]

+ NaCl + P(C6H5)3

ment of a phosphine ligand by theolefinic system, which is
similar to the recently reported preparation of CpCo[P(C6H5)3]2
(186) from [(C6H5)3P]3C0(N2)H and cyclopentadiene. The
derivative CpRh(CO)P(C6H5)3 may likewise be formed by the
reaction of sodium cyclopentadienide with [(C6H5)3P]2Rh(CO)Cl
(160). The latter may be produced in high yield from RhCl3
via Wilkinson's compound [(C6H5)3P]3RhCl (160). It is
doubtful if this method has any advantage compared to the

known procedure which uses cyclopentadienyldicarbonyl-
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rhodium and triphenylphosphine (131,174). The reactions
were not carried out in tetrahydrofuran, in which the sodium
cyclopentadienide was prepared, since compound XXXII was
found to decompose in this solvent.

Halogens readily react with solutions of XXXII to form
ionic derivatives (XXXIV) without evolution of carbon

monoxide [VII.2]. The compounds (XXXIV) are very stable’

f, \4-
Ir MRS —_— | Ir X~
/\C ‘ e Ny [VII.2]
(CeHI 0 CoHsh ¢
XXXII 0 )
X
. . XXXIV.
Q) A
Ir
p” | N
(CeHglh
6 X
XXXV

compared to similar ionic halides and except for the chloride
show no decomposition at room temperature. The reaction
requires equimolar ratios or a slight excess of XXXII to
eliminate formation of the complex anions Br3— and 13-. The
ionic nature of XXXIV was confirmed in each casé by the
immediate formation of a precipitate on reaction with
solutions of sodium tetraphenylboron in methanol. In less
polar solvents the compounds (XXXIV) were almost insoluble,
and this prevented the observation of nmr spectra in the

solvents CDCl3 or CCl4.
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On refluxing a suspension of any one of these ionic
halides in toluene, carbon monoxide was evolved to afford
a neutral dihalide (XXXV) with some.decomposition. The
compounds (XXXV) were very stable and quite soluble in
moderately polar solvents.
The reactions of methyl halides with the iridium com-

plex (XXXII) also yield ionic products [CpIrP(CGH5)3(CO)CH3]+

x".tcn a1 (XXXVI) [VII.3]. The presence of solvent in the
27252 P
( bk
; 25° I
Ir  + CHXx 22 Ir - [VII.3]
3 «—— X .
/N A
P c (CH)
(CHels 0 gHsh 8
XXXTII \ XXXVI s

crystals was confirmed‘by analysis and nmr spectroscopy. A
limited number of other alkyl halides undergo this reaction,
for which a kinetic study has been made (174). Some steric
restrictions seem to apply although they are not so severe
as in analogous rhodium reactions. There can be little
restriction on chain length, for n-hexyl iodide yields a
stable product. Under the same conditions infrared spectro-
scopy gives no evidence of the required product with iso-
propyl iodide. Thus the reaction seems limited to primary
halides.

Typical of nucleophilic attack on alkyl halides the
rate of reaction is in the order I > Br > Cl (187) and a

product is formed easily with the activated benzyl iodide.
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These ionic alkyliridium complexes tend to form oils
in their preparation but solids result using the solvent
mixtures dichloromethane/diethyl ethef or dichloromethane/
benzene rather than dichloromethane/hexané. The presence
of dichloromethane in the érystals appeared independent of
the three possible mixtures used for recrystallisation and
even high vacuum did not remove this solvent. It remains
unclear why dichloromethane is held strongly in the crystal
lattice of most alkyl halide derivatives but is not retained
by the derivatives of bénzyl iodide or perfluoropfopyl |
iodide or the ionic dihalides.

The reaction of methyl iodide with a similar rhodium
system was found to give a néutral acyl compound CpRhP(CH3)2-
C6H5(COCH3)I [IV.3] presumabiy via an ionic intermediate
“analogous to the complex (XXXVI). Use of heat to encourage
the nucleophilic attack of iodide ion on [CpirP(CéH5)3(CO)—

CH * might also be expected to give an acyl compound;

N
however, refluxing in toluene was found, by observing the
carbonyl absorption frequency, to give a high yield of
XXXITI. It seems reasonable that an equilibrium between
the compounds XXXII and XXXVI [VII.3] is displaced by
removal of methyl iodide into the gas phase and this results
in the reforming of XXXII.

The nucleophilic character of XXXII is evident from the
reactions already mentioned but is greatly emphasised by

treatment with acids. The protonation of d8 complexes by

strong acids is well known (168,184,188). The compound
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(XXXII) is shown by a shift in the carbonyl stretching
frequency to 2063 cm-l to be protonated by most moderately
strong acids. Silicotungstic acid as would be expected
(30) gives an immediate precipitate on reaction with

XXXII in acetone solution. Derivatives with the oxidising
acids, perchloric and sﬁlfuric, fapidly decompose and_those
with halogen acids dissociate in solution. A'pure product
could be obtained, however, using hydrogen bromide and
quickly reacting the protonated compound with sodium tetra-
phenylboron.

Lewis acids were similarly found to form adducts with
XXXII. Boron and aluminum trichlorides afford products
which could not be isolated in a pure state but adducts were
characterised with zinc bromide, ﬁercuric chloride and
thallic chloride. In forming these adducts it is necessary to
use exactly equimolar ratios, since purification of the pro-
ducts is very difficult. Kemmitt and coworkers (110,111,189)
have shown that a number of d8 compounds can form adducts
with mercuric halides and.of particular interest is the
related iridium adduct CpIr(CBle)-HgCl2 (110). Adducts with
zinc and thallium compounds are unusual since few such com-
plexes have been formed between these metals and any

transition metal (190).
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-

Infrared Spectra. - The compound XXXII exhibits a single

carbonyl absorption at the same frequency as that of an
authentic sample of CpIrP(CGH5)3(CO) prepafed from CpIr(CO)2
and (C6H5)3P. This is at a frequency (Table XV) below the
rhodium analogue as seems to be usual for the carbonyls of
third~-row transiﬁion metals compared to second row (131,
'185). This has been attributed to the lanthanide contraction
in the Group VI hexacarbonyls (185) and such an expianation
should be equally valid for Group VIII carbonyls.

The formation of ionic derivatives of XXXII and con-
sequent increase in formal oxidation state and effective
electrohegativity of iridium causes the usual increase in
the éarbonyl stretching frequencies (191). The extent of
this increase iS'affected‘by the electron—withdraWing ability
of the added substituent on the metal; the change, observed
to be in the order Cl > Br > I > H > CH3 > R,'could there-
fore have been predicted.

The adducts with ZnBrz, HgCl2 and TlCl3 also show
increases in carbonyl stretching frequencies depending on
the acidity of these halides; Lewis acids can be expected to
remove charge from iridium although there is no formal
increase in oxidation state of iridium. The spectra of the
adducts were taken in acetone and Nujol mulls as well as
the ubiquitous dichloromethane so that comparisons could
be made with such derivatives as CpRh(CO)Z-HgCl2 and
CpCo(CO)Z-HgCl2 (110, 183). The latter derivatives were
found to dissociate in acetone, whereas this is not so

for CpIrP(C6H5)3(CO)-HgCl. This may be attributed to the
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higher basicity of XXXII, although a complex of XXXII with

the weaker Lewis acid, ZnBrz, does dissociate ‘in acetone.

lH Nmr Spectra. At least two sets of resonances were

observed in each spectrum (Table XVI) and these can be
attributed to the phenyl protons of the phosphorus ligand
and the cyclopentadienyl protons.  The phenyl resbﬁanCes

. show typical complex structures and thus for each compound,
only the chemical shift of the most intense line is

listed in Table XVI.

Spéctral data were obtained for most compounds.
Howevér, the idnic dihalides and the neutral Lewis acid
adducts did not allow measurement since they were too
insoluble.in.the common solvents,~deuterochloroform or
carbon tetrachloride.

As expected, phosphorus caused the cyclopentadienyl
.resonances. to appear as doublets and the size of this
coupling was similar to that in related rhodium compounds
(Table XIII).

The unique iridium proton in the compound
[CpIrP(C6H5)3(CO)H]+[B(C6H5)4]— was confirmed by a broad
doublet at high field; the doublet is clearly due to
phosphorus coupling, and the wide nature of these peaks is
probably caused by coupling to the five cyclopentadienyl
protons (see nmr discussion of CpCORh(H)Si(CGH5)3, Chapter
V). The chemical shift and coupling constant of the single
proton were in agreement with other phosphorus-substituted

iridium hydrides (192,193,194).
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* TABLE XVI (continued)

Footnotes to Table XVI.

@ Measured at 60 Mc at 40°.

b'The symbol R refers to the alkyl protons or.single
proton directly attached to iridium.

Recorded in cps.

d These derivatives exhibitedAone resénancé at T 4.70
(+ 0.02), integrating tovone proton, attributable to
dichloromethane.

€ Refers to center of unresolvéd reéonénces and the
number in brackets corresponds to the number of protons
by integration.

f The spectrum of this compound was recorded at 100 Mc.
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For the methyliridium complexes [CpIrP(C6H5)3(CO)CH3]+-
X", the resonances are independent of X as woula be predicted
for such ionic compounds. The couplings of phosphorus to
the cyclopentadienyl and methyl protons are consistent with
those in [CPRAP (CH,) ,C H, (CO)CH3]+[B(C6H5)4]— (see Figures
20 and 21), confirming the tentative assignments made for
the latter compound. The ethyl, hexyl and benzyl derivatives
of XXXII give complex resonances for the alkyl group; in
particular the a methylene group (and possibly a B methylene
group) would be expected to exhibit an AB pattern due to
the asymmetry around iridium, and further splitting is likely
from coupling to phosphorus and B protons. The resonances

of each compound were found to integrate correctly.
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EXPERIMENTAL SECTION

The reaction methods employed were as descrikbed in
previous chapters. The collection of microanalytical
(Table XVII) and physical data were also made by pro-
cedures‘already mentioned. |

The starting material [(C6H5)3P]21r(CO)Cl [often
" known as'Vaska's'compound'(l95) althoﬁgh'first prepared by
Angoletta (196)] was prepared by the method of Collman
et al (152). Wilkinson's compound [(C6H5)3P]3RhCl was

obtained using the original synthesis (160).

Preparation of CpIrP(C6H5)3(CO). A 1M solution of sodium

cyclopentadienide in teﬁrahydrofuran (20 ml) was evaporated
to dryhess. Benzene (100 ml) and [(C6H5)3P]21r(CO)Cl

(3.5 g, 5 mmol) were added and the mixture refluxed for §
hr. After cooling and filtering through a short column

of Florisil the filtrate was concentrated to 5 ml. Addition
of hexane (25 ml) and cooling to -15° yielded bright orange

crystals of product (1.64 g, 3 mmol, 60%)..

Preparation of CpRhP(C6H5)3(CO). Tristriphenylphosphine~-

rhodium chloride (1.0 g, 1.08 mmol) was suspended in benzene
(25 ml) and carbon monoxide was bubbled through the mixture

for 1 hr. After this time the solid and solution had become
pale yellow, indicating the formation of [(C6H5)352Rh(CO)Cl.
This product was reacted as was [(C6H5)3P]21r(CO)Cl in benzene
solution with excess sodium cyclopentadienide (6 ml of 1M

solution in tetrahydrofuran). Using the work~up procedure of
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"the analogous iridium system, orange crystals of the
required product (0.24 g, 0.51 mmol, 48%) were obtained,
m.p. 153 - 155° (literature 153° (131)). Analysis for
CpRhP(C6H5)3(CO), calculated C, 62.90; H, 4.40: qund

C, 63.34; H, 4.22,

Preparation -of [CpIrP(C6H5)3(CO)Cl]+'Cl_. The compound

CpIrP(C6H5)3(CO) (0.35 g, 0.64 mmol) was dissolved in
toluene (10 ml), cooled to liquid nitrogen temperature,
and chlorine was (0.09g, 1.27 mmol) distilled in. The
mixture was allowed to warm to -78°, and excess chlorine
was removed under reduced pressure. Addition of pentane
(10 ml) and warming to -30° yielded a light yellow micro-
crystalline powder. This was collected and washed twice
with lO-ﬁl portions of éentane<keeping the temperature

close to -30°. After drying under high vacuum, the yield

was 0.34 g, 0.55 mmol, 86%.

Preparation of [CpIrP(C6H5)3(CO)Br]+Br-. A solution of

bromine (0.10 g, 0.63 mmol) in dichloromethane (10 ml) was
added to a stirred solution of CpIrP(C6H5)3(CO) (0.35 g,
0.64 mmol) in dichloromethane (10 ml). After 10 minutes,
hexane (20 ml) was added and the mixture was cooled to 0°.
The small yellow crystals of product which férmed were
collected, washed with pentane (5 ml) and dried (yield
0.42 g, 93%).

A similar procedure using iodine in place of brominc

was used to prepare [CpIrP(C6H5)3(CO)I]+I_ in 85% yield.
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Preparation of CpIrP(C6H5)3C12. The ionic derivative

[CpIrP(C6H5)3(CO)Cl]+Cl— (0.20 g, 0.32 mmol) was refluxed
in toluene (20 ml) for 3 days. After filtering off some
black decémposition product, the filtrate was cooied‘to
-15° to afford yellow crystals of the required product
(0.05 g, 0.08 mmol).

Using this procedure, the neutral complexes -

CpIrP(C6H6)3Br2 and .CpIrP(C6H5)312 were prepared from the

cofresponding ionic halides with reaction times of 3 daYs

and 12 hr respectively.

. + .= 1
Preparation of [CpIrP(C6H5)3(CO)CH3] Cl .ECH2C12. Methyl

chloride (2 ml) was distilled into a Carius tube in which
had been placed a sample of CpIrP(C6H5)3(CO) (0.30 g, 0.55
mmol). After sealing and allowing the mixture to stand at
room temperature for 5 days, excess methyl chloride was
removed under reduced pressure. The solid residue was
taken up in dichloromethane (3 ml) and this solution added
slowly to 30 ml of stirred diethyl ether. The resulting
white precipitate was collected and recrystallised from
dichloromethane/diethyl ether to give silvery white crystals
(0.27 g, 0.42 mmol).

Methyl bromide was reacted similarly for a period of
3 days with subsequent recrystallisation from dichloromethane/

. +.. -1
hexane to give [CpIrP(C6H5)3(CO)CH3] Br .5CH,CH,.

Preparation of [CpIrP(CGHS)3(CO)CH3]+I~.%CHZC12. A sample

of CpIrP(C6H5)3(CO) (0.55 g, 1.0 mmol) was dissolved in
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dichloromethane (10 ml) and methyl iodide (1.0 g, 7.0 mmol)
added. The mixture was stirred for 15 min and hexane (40 ml)
added. A white crystalline precipitate formed which was
recrystaliised from dichloromethane/hexane (yield, 0.61 g,

89%) .

: + -1
Preparation of [CpIrP(C6H5)3(CO)C2H5] I 'ECHZCIZ' Ethyl

iodide (2.0 ml, 3.9 g, 25 mmol) was added to a solution

of CpIrP(C6H5)3(CO) (0.55 g, 1.0 mmol) in dichloromethane
(10 ml). The mixture was allowed to stand for 48 hr and
evaporated to dryness. The residue was recrystallised from
dichloromethane/benzene to give silvery-white crystals.
Subsequent recrystallisation from dichloromethane/hexane

afforded the analytically pure compound (0.38 g, 0.51 mmol,

Benzyl iodide was reacted in similar fashion for a

. . +_-
period of 12 hr to yield [CpIrP(C6H5)3(CO)CH2C6H5] I.

. +. -1 .
Preparation of [CpIrP(C6H5)3(CO)C6Hl3] I .§CH2C12. Di-

chloromethane (5 ml) was used to dissolve CpIrP(C6H5)3(CO)
(0.35 g, 0.64 mmol) and n-hexyl iodide (10 ml, 1.44 g,

6.8 mmol) added. After one week, solvent and excess halide
were removed under reduced pressure. The remaining solid
was recrystallised three times from dichloromethane/diethyl

ether to afford the required product (0.24 g, 0.30 mmol).

Preparation of [CpIrP(C_.H.),(CO)C,F ]+I_. The compound
6753 377

CpIrP(C6H5)3(CO) (0.30 g, 0.55 mmol) was dissolved in

dichloromethane (5 ml), the solution cooled to -70° and
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perfluoropropyl 1od1de (3.0 g, 10.1 mmol) added. The mixture
was allowed to attain room temperature over a period of 2 hr
and hexane (10 ml) added. The solid produced was collected

and recrystallised from dichloromethane/hexane to yield yellow

crystals (0.28 g, 0.33 mmol) 61%).

. + -
Preparation of [CpIrP(C6H5)3(CO)H] [B(C6H5)4] . A sample

of CpIrP(C6H5)3(CO) (0.35 g, 0.64 mmol) was dissolved in
dichloromethane (10 ml) and, after cooling to -70°, hydrogen
bromide was passed through the solution until the yellow
color had completely disappeared. Addition of pentane (30 ml)
and warming to room temperature produced small white

crystals which were collected, washed with two 10 ml portions
of pentane and dried. Part of this product (0.17 g) was
dissolved in methanol (10 ml) and a solufion of sodium
tetraphenylboron (0.17 g, 0.50 mmol) in methanol (10 ml)
immediately added. The solution was stirred for 10 min and
the white precipitate which had formed was collected. After
washing with two 5-ml portions of methanol, 5-ml of pentane

and drying, the yield of product was 0.20 g, 0.23 mmol.

. Preparation of CpIrP(C6H5)3(CO)-HgC12. Mercuric chloride

(0.174 g, 0.639 mmol) was dissolved in a 1:2 methylethyl-
ketone:benzene mixture (10 ml) and a solution of CpIrP(C6H5)3—
(Co) (0.350 g, 0.639 mmol) in the same solvent (5 ml) was
added quickly with vigorous stirring. The resultant pale
yellow precipitate was collected, washed with acetone (10 ml)
and dried (yield, 0.473 g, 0.578 mmol).

Reactions with zinc bromide and thallic chloride were
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carried out using the procedure outlined above; however, in

the final washing was done with the

the former case,

methylethylketone:benzene mixture, not acetone. Thus the

addqcts CpIrP(C6H5)3(CO)-ZnBr2 and.CpIrP(C6H5)3(CO).-TlCl3

were produced.
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CHAPTER VIII

A STUDY OF CYCLCPENTADIENYL (TRIPHENYLPHOSPHINE) -

ETHYLENERHODIUM AND RELATED COMPOUNLS

It has been seen in the previous two chapters that
the compounds CpMLY (M = Rh or Ir, L = phosphine and
Y = CO) can undgrgo oxidation: (i) with retention of
Y to give an ionic compound [VII.3]; (ii) with insertion
of Y into a newly formed bond [VI.3]; (iii) with complete
elimination of Y [VI.1l]. Ligands other than'CO might
behave similarly but in order that the three modes of
reaction can remain, Y must be capable of acting as an
insertion reagent (197,198). The other possibilities for
Y are then virtually limited to isocyanides (199), sulfur
dioxide (200) or olefins (201,202,203,204).

The compounds chosen for study were CpRhL(C2H4),
since reactions of ethylene derivatives have implications
for a number of olefin analogues and such compounds might

have applications in the field of catalysis (205).

RESULTS AND DISCUSSION

By analogy with the preparation of CpRh(CO)P(CH3)2-
C6H5 from CpRh(CO)z, (Chapter VI), it might be considered
that a ligand could displace ethylene from CpRh(C2H4)2
to afford a compound of the type CpRhL(C2H4). This
reaction only takes place if L has some Lewis acid

character (as mentioned in Chapter IV), presumably

because there is no mechanism for attack if L is a base
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such as triphenylphosphine. 1In a l6-electron rather than
l8—electfon system there is a means of attack, for an 18-
electron ccmplex cculd form as an intermediate. Thus
displacement of ethylene by triphenylphosphine was attempted
in acetylacetonatobisethyleherhodium. Substitution of |
one ethylene ligand was achieved in similar fashion to the
substitution of carbon monoxide in acetylacetonatodicar-
bonylrhodium (206). Subsequent reaction of (CH3COCHCOCH3)—

Rh(C2H4)P(C6H5)3 with sodium cyclopentadienide gave the
required compound, CpRhP(C6H5)3(C2H4) (XXXVII) in moderate
yield.

Attempts to prepare the analogous triphenylarsine
complex by this method were without success; this seems
to be attributable to incomplete replacement cf a single
ethylene ligand from (CH3COCHCOCH3)Rh(C2H4)2 at temperatures
where general decomposition was minimal.

Another possible method of obtaining the compound
CpRhP(C6H5)3(C2H4) is by using the route employed for
CpRhP(C6H5)3(CO) (see Chapter VII), that is, to displace
triphenylphosphine from Wilkinson's compound, [(C6H5)3P]3-
RhCl, giving [(C6H5)3P]2Rh(C2H4)Cl (XXXVIII) and reacting
this product with sodium cyclopentadienide. The ethylene
in XXXVIII is very labile (160) and appears to be lost
so easily that it is not retained in the latter reaction.
In the arsine complex analogous to XXXVIII (207) the

ethylene is not as labile and so reaction [VIII.1] affords

a reasonable yield of CpRhAs(CGHS)B(C2H4) (XXXIX).
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[(C6H5)3As]2Rh(C2H4)Cl CpRhAs(C6H5)3(C2H4)
_— AXXIX [VIII.1]
+ C5H5Na
+ NaCl + As(CgH),

Reactions of halogens with XXXVII can be anticipated
to give compounds of the type CpRhP(C6H5)3X2 (137) and
this was ccnfirmed by the reaction with iodine [VIII.2].

CPRAP (Cghg) 5 (CoH,) + I, —> CPRhP (C H,) 5T,

[VIIT.2]

+ C2H4

This reaction presumably takes place via an ionic inter-
mediate (see [VI.1]), but no evidence for this was actually
observed.

In the reaction of methyl iodide with XXXVII, a pale
colored solid was formed initially, presumably [CpRhP(C6H5)3-

(c.E)cu 1t (xn) [VIII.3]. A light color appears from
274 3

- N+
Rh + CHJl — ///Rh\\\ y I
CHy
(CeHe) P/ \/CHZ (CgHg)3P _LcH
XXXVII S XL '
1 [VIII.3]
XLI Rh
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previcus work (Chapters VI and VII) to be typical of ionic
compounds of this type. The intermediate (XL) rapidly
decomposes with elimination of ethylene to form CpRhP(C6H5)3-
CH3I (XLI). Although the ionic derivative (XLI) could not
be obtained in a pure staﬁe it was possible to isolate the
arsine analogue by reaction of XXXIX with methyl iodide.

This is consistent with a comparison cof the compcunds

[(CgH) JP],Rh(C H,)CL and [(C6H5)3As']2Rh(C2H4)Cl, where
ethylene is lost more easily from the former than from the
latter.

For both phosphine and arsine reactions [VIII.3]
there was evidence for small yields of diiodides, CpRhLIz.
Since an attempt was made to ensure that the methyl- |
iodide was free of iodine initially, either iodine was
produced by a mechanism which may or may not involve the
transition metal or the compound CpRhLCH3I undergoes a further
reaction. More work is necessary to clarify this feature.

Reactions similar to [VII.3] occurred on treatment of
XXXVII with methyl bromide or benzyl bromide but no ionic
intermediates were observed. Stannic bromide yields the
compound CpBrRhP(C6H5)3SnBr3 although it did not seem
possible to prepare this compound by the reaction of tri-
phenylphosphine with CpCOBrRhSnBr3.

lH NMR Spectra. The parameters obtained from measurement

of the lH nmr spectra are listed in Table XVIII and some
of the spectra are shown in Figures 22, 23 and 24. The

cyclopentadienyl and phenyl resonances were similar to
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those observed for related compounds in Chapters VI and VII.

The lH nmr spectrum of CpRh(C2H4)2 has been discussed
in detail by Cramer (104), and in particular the energy
associated with rotation of the ethylene ligands was
determined. At the temperature of 40° employed for the
work reported here,‘the ethylene resonances for compounds
(XXXVII and XXXIX) are little changed from those observed
for the parent bisethylene compound (104). Deuteroacetone
was used as solvent for the ethylene derivatives reported
here since they seem to be unstable in chlorinated sol-
vents.

The spectra of the compounds CpRhP(C6H5)3CH3I
(Figure 22) and CpRhAs(C6H5)3CH3I (Figure 23) were useful
in confirming the assignment of rhodium and phosphorus
coupling to both methyl and cyclopentadienyl protons.

It can‘be seen that phosphorus has the larger coupling
to both of these sets of protons.

The asymmetry of the compound CpRhP(C6H5)3(CH2C6H5)Br
was confirmed by a chemical shift separation between the
resonances of the two methylene protons (208). The
difference between this chemical shift and coupling con-
stants was determined by measurement of the spectra at
100 Mc as well as 60 Mc (Figure 24). The expected AB
pattern was further split by coupling to rhodium and
phosphorus. Very different couplings were observed from
phosphorus to the individual methylene protons, as has

been found for the related compound CpCOFeP(CGH5)3CH25i-



148,
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(CH,) 5 (JA-é =2 cps, Jz_p = 13 cps) (181). It is interest-
ing to note that in contrast to the gem-protons mentioned
here, gem-methyl groups in, for example, CpRhP(CH3)2C6H5—
(COCH3)Br, appear to couple equally to both rhodium and

phosphorus.’

All resonances were found to integrate correctly

for the formulae proposed.
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EXPERIMENTAL SECTION

The reaction methods employed were as described
in previous chapters. Microanalytical (Table XIX) and
physical data (Tables XVIII and XX) were collected in
ways already mentioned.

The starting materials (CHBCOCHCOCH3)Rh(C2H4)2 (104)
and [(C6H5)3As]2Rh(c2H4)Cl (207) were prepared by liter-
ature methods. Other reagents were obtained and purified

as described previously.

Preparation of (CH3COCHCOCH3)Rh(C2H4)P(C6H5)4. A solution

of freshly crystallised triphenylphosphine (L.25 g, 4.8

mmol) in dichloromethane (5 ml) was added slowly to
(CH3COCHCOCH3)Rh(C2H4)2 (1.2 g, 4.8 mmol) also dissolved in
dichloromethane (5 ml). Evolution of gas took place, and
after stirring the mixture for 1 hr and concentrating to

5 ml, hexane (20 ml) was added. Orange crystals of pro-

duct (1.26 g, 2.56 mmol, 53%) were obtained on cooling to

0°.

Preparation of CpRhP(C Hg) 5(CH,). A solution of 1M sodium

cyclopentadienide (10 ml, 10 mmol) in tetrahydrofuran was
evaporated to dryness and to this was added (CH3COCHCOCH3)—
Rh(C2H4)P(C6H5)3 (1.26 g, 2.56 mmol) dissolved in benzene
(30 ml). The mixture was stirred for 24 hr and filtered
through a short column of Florisil. The resulting orange
solution was concentrafed to 5 ml and hexane (20 ml) added.
Cooling to -15° afforded orange crystals of the required

compound (0.61 g, 1.33 mmol, 52%).
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Preparation of CpRhAs(CGHS)B(C2H4).' Benzene (30 ml) was

used to dissolve [(C6H5)3As]2Rh(C2H4)Cl (3.88 g, 4.98 mmol)
and the soluﬁion added to dry solid sodium cyclopentadienide
formed by‘evaporation of a 1M solution in tetrahydrofuran

(25 ml). The mixture was stirred for two days, filfered'
through é short column of Florisil, and concentrated to

5 ml, Addition of hexane (20 ml) and cooling to -15° pro-

duced orange-red crystals of the required compound (0.96 g,

1.91 mmol, 38%).

Preparation of CpRhP(C6H5)312. The compound CpRhP(C6H5)3-

(CZH4) (0.23 g, 0.50 mmol) was dissolved in dichloromethane
(10 ml) and iodine (0.13 g, 0.50 mmol) added. After stirring
for 30 min, hexane (10 ml) was added and the mixture cooled
to 0°. Fine black needles of product (0.30 g, 0.44 mmol,

88%) were isolated.

Preparation of CpRhP(C6H5)3CH3I. Methyl iodide (3.0 ml,

6.8 g, 48 mmol) was added to CpRhP(C6H5)3(C2H4) (0.40 g,
0.87 mmol). Complete solution took place and then a very
pale solid rapidly precipitated out. This precipitate
dissolved in dichloromethane to give a very dark solution
which was chromatographed on a column of Florisil using
dichloromethane as eluant. First collected was an orange-
red band and then a very deep red band. The solutions
containing the two bands were individually concentrated to
a small volume and hexane added to give crystalline products

on cooling. The first product was found to be pure



CpRhP(C6H5)3CH3I (0.34 g, 0.59 mmol, 68%). The second
(0.05 g) was found spectroscopically to be predominantly

the diiodide with some of the methyliodo-derivative.

Reaction of CpRhAs(C6H5)3C2H4 with CH3I. The compound

CpRhAs(C6H5)3(C2H4) (0.29 g, 0.58 mmol) was dissolved in
methyl iodide (0.50 ml, 1.14 g, 8.0 mmol) and after stir-
ring for about 1 min a iight precipitate formed. Diethyl
ether (20 ml) was added and the solid collected. This
was recrystallised from methanol/diethyl ether to afford

pale yellow needles ofH[CpRhAs(C6H5)3(C2H4)CH3]+I— (0.12 g,

0,19 mmol, 32%). The remaining methyl iodide/diethyl
ether and methanol/diethyl ether solutions were evaporated
to dryness and the combined solid residues dissolved in
dichloromethane (10 ml). After stirring for 12 hr the
solution was subjected to chromatography on a column of
Florisil with dichloromethane as solvent. A red-orange
band was collected first and was followed by a red-brown
band. The solutions containing the two bands were separ-
ately evaporated down to 5 ml and pentane (20 ml) added.
The first product, which formed as orange-brown crystals,

was shown to be CpRhAs(C6H5)3CH3I (0.09 g, 0.15 mmol, 25%).

The second solution afforded black crystals of,CpRhAs(C6H5)3-

I, (0.01 g, 0.01 mmol, 2%).

Preparation of CpRhP(C6H5)3CH3Br. The compound CpRhP(C6H5)3—

(C2H4)(O.40 g, 0.87 mmol) was placed in a Carius tube and

methyl bromide (3.5 g, 37 mmol) was added by distillation.
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After sealing, the mixture was allowed to stand at room
temperature for 3 days and excess methyl bromide then
removed under reduced pressure. The resulting solid

was chromatographed on a Florisil column using dichloro-
methane as solvent. The required compound appeared as an
orange band and was first to be eluted. A small red band '
remained on the column but this could not be removed by
dichloromethane. The solution of CpRhP(C6H5)3CH3Br was
concentrated to 3 ml and hexane (10 ml) added to afford

bright orange crystals (0.28 g, 0.53 mmol, 61%) .

Preparation of CpRhP( C6H5)3(CH2C6H5)Br. Benzyl bromide

(1.0 ml, 1.44 g, 8.4 mmol) was added to a solution of

274
stirring for 12 hr the mixture was subjected to chromat-

CpRhP(C6H5)3(C H,) in dichloromethane (5 ml). After

ography on a Florisil column using dichloromethane as
eluant. The first dark red band was collected, con-
centrated to 5 ml and hexane was added. A small yield of
a compound presumed to be CpRhP(C6H5)3Br2 was first
obtained but addition of more hexane gave the require

compound (0.24 g, 0.40 mmol, 40%).

Preparation of CpRhP(C6H5)3SnBr3Br. Stannic bromide (0.22 g,

0.50 mmol) was added to a stirred solution of CpRhP(C6H5)3—

(C2H4) (0.23 g, 0.50 mmol) in dichloromethane (15 ml). After
1 hr, hexane (30 ml)was added to give red crystals, which
were recrystallised twice from dichloromethane/hexane.

Thus a sample of pure product (0.21 g, 0.24 mmol, 48%) was

isolated.
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